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A INTRODUCTION 
1 Scope of the work 
The aim of the present work is the investigation of heterogeneously catalyzed 
continuous conversion of glycerol out of the biodiesel production to the valuable 
intermediates acrolein and allyl alcohol in the gas phase. In the case of acrolein, the 
reaction is basically the elimination of two molecules of water from glycerol thus can 
be also referred as dehydration. 
 
Figure 1: The investigated reaction; dehydration of glycerol to acrolein. 
In the case of allyl alcohol, the stoichiometric equation is given in figure 2. 
 
Figure 2: The investigated reaction; dehydration of glycerol to allyl alcohol. 
The development of suitable catalysts, screening of these catalysts under different 
experimental conditions, as well as investigation of the reaction route, the side 
products and relationships between the properties of the catalysts and their 
performance in particular on the acrolein formation represent the scope of this work. 
The conversion of glycerol to allyl alcohol was discovered and will be handled 
separately. 
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2 The motivation 
The approach to the motivation of the present work can be done in two aspects. On 
one hand, there are aspects of environmental responsibilities and on the other hand 
there are economical impulses. These two motivations go hand in hand and 
presented hereby as such. 
Global warming, increasing oil prices and rising daily costs as well as environmental 
pollution became very familiar keywords in the last decade. They are not only sole 
problems for the humanity, but also the roots of these problems and their solutions 
are connected. 
Crude oil, natural gas and coal represent the basis of current industrial organic 
chemistry.[1] On one hand these feedstocks are used for the production of energy in 
terms of combustion, on the other the chemical industry has increasing demand on 
these fossil resources due to rising production, correlated to world population. The 
contest between these two huge industries escalates the prices of the valuable 
carbon sources. 
Beside the economical aspects, the problem has also environmental facets. Soon or 
later each carbon atom extracted from the mentioned sources ends up its journey by 
oxidation. Carbon dioxide is accepted to be one of the main actors in the global 
warming.[2] 
Sustainable development represents a global approach to the mentioned problems. 
 
„Sustainable development meets the needs of the present generations without 
compromising the ability of future generations to meet their own needs” [3] 
 
The sake of sustainability and the skyrocketing prices as well as anticipated scarcity 
of fossil resources have put pressure on many chemical companies to switch from 
fossil-derived feed stocks to (still often much cheaper) renewable ones. 
Introduction 
Plants with high oil content (i.e. palm- rapeseed- or sunflower oil) are in the focus of 
the renewable feedstock research. The oils extracted from these plants are used for 
the production of bio-diesel. The combustion of the diesel fuel, where the carbon 
atoms are originated from the mentioned plants, is considered to be environmentally 
benign, since the process does not emit new carbon atoms to the atmosphere, but 
only the ones which the plants absorbed during photosynthesis. 
During the production of bio-diesel, glycerol is produced as an inevitable by-product. 
 
Figure 3: The trans esterification process for the production of bio-diesel. The methyl esters of 
the fatty acid are used as fuel for diesel engines. Glycerol is the by-product of the process.[4] 
The increasing output of bio-diesel led to an overproduction of glycerol. For each 
100 kg of bio-diesel, 10 kg of glycerol is given out.[5] The oversupply of glycerol by 
means of oleo-chemistry did not only make the classical production of glycerol 
unnecessary, but also loaded extra costs on the bio-diesel producers in terms of 
storage.[6] The so produced glycerol is polluted with oils, salts and additionally it is 
diluted with water. But only pure glycerol is demanded by the food, pharma or 
tobacco industry, where it is used as starting materials or as additives. New 
processes are searched eagerly, where the usage of crude bio-diesel glycerol is 
possible.[6] 
Acrolein, on the other hand, is an important intermediate in the organic industrial 
chemistry. More than 80 % of refined acrolein is used for the production of methionin. 
Much larger quantities of crude acrolein are produced as an intermediate during the 
production of acrylic acid. 85 % of the acrylic acid is produced by the captive 
oxidation of acrolein. Acrylic acid is polymerized further to poly acrylic acid, which is 
the main component of superabsorbers. These materials are widely used in diapers, 
hygienic pads and paints. Acrolein is currently produced by the oxidation of 
3 
Introduction 
propylene, which makes itself, the methionin, the acrylic acid, the polyacrylic acid and 
all other sequent compounds, crude oil based materials.[7] 
Another intermediate with increasing application areas is allyl alcohol. It is used for 
the production of epicholorohydrine, allyl diglycol carbonate, allyl glycid ether, allyl 
methacrylate, triallylcyanurate and especially 1-4 butanediol as starting material. Allyl 
alcohol is produced from crude oil based materials (for example propylene) as in the 
case of acrolein. [8] 
The goal of this work is the development of suitable catalysts for the production of 
valuable acrolein and allyl alcohol from overproduced glycerol. Shifting the source of 
carbon for the production of these chemicals from propylene to glycerol would not 
only encourage bio-diesel producers by enabling commercial possibilities for their by-
product, but it would also avoid using crude oil in the production of acrolein and allyl 
alcohol. By that, acrolein, allyl alcohol and mentioned sequent chemicals would be 
biomass based and a CO2-neutral production would be provided. 
The worldwide increasing glycerol production due to increasing biodiesel production 
based on triglycerides and the steady demand on glycerol suppressed its price. 
Contrasting the price of propylene with the price of glycerol underlines the 
economical motivation of the present work. 
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Figure 4: Proplylene and glycerol prices in Europe per metric ton.[9] The price comparison 
should be done under the consideration that each glycerol molecule includes two oxygen 
atoms, which will be eliminated as water during its conversion to acrolein. This is not the case 
for propylene, which makes it more efficient in terms of mass per product. 
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Classically glycerol is produced from allyl alcohol or allyl chloride, which are also 
crude oil based chemicals. Because of that, the glycerol prices fluctuated parallel to 
other crude oil based chemicals (as propylene) in the figure above. After the 
disconnection of glycerol from crude oil by its extensive production via bio-diesel, 
glycerol prices reacted independently from other crude oil products, which increased 
its attractiveness as an alternative feed stock after the year 2000. 
The formation of acrolein from glycerol has been known since 1918.[10] And currently, 
the reasons which are mentioned above represent the motivation factors for the 
investigation and development of this reaction as well as suitable modern catalysts. 
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B BASIC KNOWLEDGE 
In this chapter the essential basic information about the current work is summarized. 
After brief information about green chemistry and heterogeneous catalysis, the 
relevant chemicals, catalysts as well as used reactors are presented. 
1 Green chemistry and heterogeneous catalysis 
According to Keiski the world’s most pressing environmental issues are global 
climate change, food production, depletion of non-renewable resources, dissipation 
of toxic materials and sustainable energy production.[11] A sustainable solution to 
these problems should be searched with the help of green chemistry and 
engineering. The development of green chemistry consists of researching alternative 
reagents, solvents, products, catalysts and feed stocks. Anatas and Warner have 
defined the twelve principles of green chemistry as follows.[12] 
Table 1: Twelve principles of green chemistry according to Anatas and Warner. 
1. Prevent Waste 
2. Design safer chemicals and products 
3. Design less hazardous chemical synthesis 
4. Use renewable feed stocks 
5. Use catalysts, not stoichiometric reagents 
6. Avoid chemical derivatives 
7. Maximize atom efficiency 
8. Use safer solvents and reaction conditions 
9. Increase energy efficiency 
10. Design chemicals and products degrade after use 
11. Analyze in real time to prevent pollution 
12. Minimize the potential for accidents 
At this point it must be mentioned and emphasized that chemical industry, at least in 
the western world, have always acted according to these principles long time before 
those have been written down and BASF S.E. can be named as an example. 
Basic knowledge 
Designing modern processes with high product selectivities fulfill already many of 
these principles. The biggest difficulty in the application of green chemistry is 
replacing the current fossil feed stocks with renewable ones. Based on the work of 
Pollard, the renewable feed stocks can be sub-classified as in the following figure:[13]  
Waste biomass
• Municipal waste
• Agricultural solid waste
• Forestry residues
• Industrial waste (food industry)
Commodity crops
• Starch
• Oil
• Biodiesel
• Surfactants
• Polymers
• Proteins
Ligno-cellulosic biomass
• Cellulose
• Cross-linked glycans
• Structural phenylpropanoids (lignin)
• Aromatics, proteins
Specialist crops
• Specialist oil seeds
• Secondary oil seeds
• Terpenoids
• Alkaloids
• Phenolics
• Recombinant proteins  
Figure 5: Sub-classification of renewable feed stocks. [13] 
There are two main difficulties in the application of renewable feed stocks as starting 
material for the production of basic chemicals. 
Firstly, the above mentioned materials are natural thus they underlie deviations in the 
chemical structure based on climate changes and the way of production. Additionally 
the frequency of supply for these materials is dependent on the nature of the plant; 
i.e. in some seasons the feedstock can be supplied and in other seasons not. The 
storage of the materials is mostly very difficult due to their tendency to 
decomposition. The fluctuations in the structure and delivery make these supplies 
unattractive for the chemical industry even though their prices are lower. 
Secondly, the alternative feed stock materials carry many functional groups. The 
abundance of alcohol, aldehyde and acidic groups force the production to be 
7 
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“downgrade oriented”, while the fossil based organic chemical industry is mostly 
“upgrade oriented *”. 
Catalysis development plays a role in the second mentioned aspect. The high 
selective processes can be only achieved by the right implementation of highly 
developed selective catalysts. 
Catalysis is the acceleration of a chemical reaction by using such materials 
(catalysts) that recover itself upon participation in the reaction. If the catalyst is in the 
same state of matter as the reactants (i.e. reactants and catalyst are in liquid phase) 
then it is referred as homogeneous catalysis. If the catalyst is in another state of 
matter, then it is called heterogeneous catalysis. The usage of solid metal oxides as 
catalysts and the glycerol in its gas phase –as in the current work- is an example for 
heterogeneous catalysis.  
Heterogeneous catalysts have several advantages in comparison to homogeneous 
catalysts. Catalysts are mostly highly developed valuable materials, as noble metals 
or their oxides. In case of homogeneous catalysis the separation of the catalyst from 
the product mixture is often complicated or impossible. With the usage of 
heterogeneous catalysts, not only the separation is very easy, but also the 
engineering possibilities are broader. The variation of contact time, in which the 
reactant is in contact with the catalyst, is a very useful tool in process engineering for 
increasing product selectivity. Also they are relatively affordable, compared to bio-
catalysis or the metal organic complexes, which are used in the homogeneous 
catalysis. These aspects make heterogeneous catalysis to be the first choice in 
development of green chemical processes. In the industry 90 % of the processes 
apply catalysis whereas 80 % of them are heterogeneously catalyzed.[14] The 
catalysts change the rate of a particular reaction but not the thermo dynamical 
aspects of it. The following diagram illustrates the principle of catalysis: 
                                            
* Upgrade and downgrade are used here in terms of increase or decrease in number of functional 
groups on a given backbone. 
Basic knowledge 
 
 
Figure 6: Potential energy diagram of a heterogeneous catalytic reaction, with gaseous 
reactants and products over a solid catalyst. Note that the uncatalyzed reaction has to 
overcome a substantial energy barrier whereas the barriers in the catalytic route are much 
lower. [14] 
While the catalysts decrease the activation energy of transition states and thus 
accelerate the reaction, they do not change the position of the reactants and 
products on the axis of potential energy, on which the spontaneity and enthalpy of 
the reaction depend. 
In the same manner, the inhibition or deceleration of a reaction is also possible using 
inhibitors. These materials increase the transition state energy and thus slow down or 
stop the reaction. 
Considering the over functionalized alternative feed stocks, each step between the 
natural source and the usable intermediates demands sophisticated catalysts for 
conducting the reaction exactly at wished functional group. The development and 
usage of the right catalyst is essential for the implementation of the mentioned 
alternative feed stocks and for avoiding waste. Thus the catalysts leading to high 
selective reactions are demanded for intelligent usage and development of green 
chemistry  
9 
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2 Relevant compounds 
The dehydration of glycerol to acrolein is in the focus of the present work. The 
reaction however does not only yield acrolein, but also a set of other compounds. 
These compounds, which were identified step by step in course of the research, are 
presented with their physical properties in the following table: 
Table 2: The relevant chemical compounds and their properties 
Chemical Molar mass [g/mol] CAS no. Boiling point [° C] Density [g/ml]
Glycerol 92,09 56-81-5 276 1,262 
Acrolein 56,06 107-02-8 53 0,84 
Acetaldehyde 44,05 75-07-0 20 0,78 
Propanal 58,08 123-38-6 47 0,798 
Acetone 58,08 67-64-1 55 0,791 
Acetic acid 60,05 64-19-7 118 1,05 
Propionic acid 74,08 79-09-4 141 1,005 
Acrylic acid 72,06 79-10-7 141 1,05 
Acetol 74,08 116-09 145 1,08 
Allyl alcohol 58,08 107-18-6 97 0,852 
 
All the above listed chemicals were identified as the products of dehydration reaction 
of glycerol. There are also other products of the reaction, which stay unidentified. 
Depending on the catalyst and reaction conditions, the unidentified products make 
between 2 and 30 percent of the products. They are supposed to be oligomers of 
glycerol as well as different acetals. Also carbon monoxide and carbon dioxide were 
detected in very small amounts, which was unquantified. 
2.1 Glycerol 
Glycerol (1,2,3-Propane triol or glycerin) is a C-3 triol with the formula C3H8O3. It is a 
non-toxic, sweet tasting, colorless and viscous liquid. Its sweet taste carries the roots 
of the name; In 1881 Chevreul deduced its name from the Greek word 
“glykos=sweet”.[15] 
Basic knowledge 
Glycerol is completely miscible with water at any ratio. The boiling point of pure 
glycerol is 290° C, which drops to 138° C for an 80 wt. % aqueous glycerol solution. 
A 20 wt. % aqueous solution of glycerol, which is used in the experiments of the 
current work, has a boiling point of 101,8° C.[16] 
Glycerol was produced originally as the side product of the saponification process. As 
the synthetic detergents displaced soaps in the 40’s, a glycerol shortage arose, which 
was used in the food and tobacco industry as humectants.[17] Two important 
processes for the production of glycerol were developed after on. 
The first one is based on the hydrolysis of epichlorohydrin. Epichlorohydrin is 
obtained by the reaction of propylene with chlorine yielding allyl chloride, which is 
then reacted with hypochlorous acid followed by calcium hydroxide: 
 
 
Figure 7: Classical production pathway of glycerol based on epichlorohydrin. This process was 
developed in the 40’s and most of the still existing glycerol producers use this pathway. [18] 
The stepwise production of glycerol from epichlorohydrin has many disadvantages. 
The loss of chlorine gas in form of calcium chloride and thus the salt formation of at 
least stoichiometric amounts is very undesirable. The high number of steps leads to 
predictable losses of the valuable starting material. Nevertheless there are still 
glycerol production facilities based on this route in West Europe, USA, Japan and 
China.[18] Considering the twelve principles of green chemistry on page 6, especially 
in terms of waste avoidance and atom efficiency, the whole process cannot be 
regarded as green and modern. 
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The second process for the production of glycerol was developed in the 80’s. Allyl 
alcohol is used in this process as starting material and the process is conducted in 
the presence of tungstic acid salts (NaHWO4) as heterogeneous catalysts. 
 
Figure 8: Reaction pathway for the production of glycerol from allyl alcohol. The process was 
developed in the 80’s. [18] 
While the absence of steps involving chlorine increases the attractiveness of the 
process, the usage of expensive hydrogen peroxide represents a hurdle in its broad 
application. 
With the expansion of bio-diesel production, the above mentioned processes lost 
their position, since glycerol is now produced as a by-product.  
 
Figure 9: The trans esterification process for the production of bio-diesel. The methyl esters of 
the fatty acid are used as fuel for diesel engines. Glycerol is the by-product of the process. [19] 
In conventional industrial bio-diesel processes, vegetable oil methanolysis is 
achieved by using a homogeneous catalyst system such as sodium or potassium 
hydroxide or sodium methylate .There, sodium glycerate, sodium methylate and 
sodium soaps are present in the glycerol phase and are usually removed by 
neutralisation using, for instance, HCl. In that case, glycerol is obtained as an 
aqueous solution containing sodium chloride. Depending on the process, the final 
glycerol purity is 80-95 %.[20] 
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As a new EU directive demands that by 2010 5,75 % of fuels in the transportation 
sector will have to be derived from renewable (and more CO2 neutral) sources, the 
bio diesel production is expected to increase sharply in the EU, using rapeseed and 
sunflower oil as the main sources of fats.[21] In other parts of the world the production 
of bio diesel is on rise too. For example there are two new bio diesel plants in 
Singapore using regionally (mainly in Malaysia) grown palm oil and a jatropha† 
plantation in Cameroon.[22] 
 
Figure 10: European consumption, production, imports and exports of glycerol in 1000 mt. [23] 
The figure above shows that after the year 2004 the glycerol production in Europe 
was higher than the consumption, so that exportation increased and the import went 
nearly to zero. The exploration for the new fields of usage for glycerol became a 
necessity after all these developments. On the other hand, the increasing voices 
against bio-diesel due to its role as a competitor to food industry should be assessed 
in estimations and calculations. 
Currently glycerol has many fields of use due to its high viscosity, high boiling point 
and hygroscopy. 
                                            
† Jatropha is a plant with high fat content 
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Figure 11: The current fields of use for glycerol. [17] 
In pharmaceuticals and body care products pure glycerol is used, among other 
applications, as sweeteners or humectants. Glycerol is an ingredient of many 
tinctures and elixirs and glycerol of starch is used in jellies and ointments. Glycerol 
phenol solutions are used in cough medicines and anesthetics and for ear 
treatments. In the food and tobacco industry glycerol is used as humectants due to its 
high boiling point and taste. The burning rate of tobacco and its protection from 
dryness is assured by employment of 2 % glycerol.[24] Mono and diesters of glycerols 
with fatty acids are also used in the food industry. Nitroglycerin, which is an 
explosive, is a glycerol based compound too. Alkyd resins are used as binding 
material in the paint industry. These resins are produced by the reaction of phtalic 
acid anhydride with glycerol.[25] There are also more than 1500 different applications 
for glycerol which make a negligible part of the total consumption individually. 
If a chemical needed to be valorized in larger amounts, then such processes are 
required where the chemical becomes an industrial intermediate. Thus, apart from 
the existing ones, several new application fields are being developed for the 
valorization of glycerol.  
Glycerol esters with carboxylic acids can be prepared using homogeneous or 
heterogeneous catalysts.[26] The produced esters can be used as emulsifiers in the 
food industry. 
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Figure 12: Selective catalytic synthesis of monoglycerides. [26] 
Glycerol carbonate, which is a potential solvent for the paint industry, can be 
prepared from glycerol and scCO2 directly.[27] 
 
Figure 13: Direct synthesis of glycerol carbonate from glycerol and carbon dioxide. [27] 
The oligomers of glycerol, which are linked together via ether bonds, are used in 
cosmetics or as lubricants. The intramolecular dehydration can be catalyzed by 
homogeneous or heterogeneous catalysts.[28] 
 
 
Figure 14: Synthesis of triglycerol from glycerol. [28] 
The reaction of glycerol with isobutene yields mono-, di-, and tri-tertiary butyl ethers 
of glycerol. The mixtures of di- and tri-ethers are called higher ethers and abbreviated 
as h-GTBE. These materials are potential octane boosters.[29] 
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Telomerisation of butadiene with glycerol yields glycerol alkenyl ethers. These 
compounds can be used as fuel additives and also as scents or flavors in the food 
industry.[30] 
Propane diols, which are also very important final products and starting materials for 
polymers, can be gained from glycerol as well. The selective hydrogenation of 
glycerol in the presence of mixed oxide heterogeneous catalysts leads to 1-2 
propane diol at 98 % yield.[31] 
OH
OHOH OH
OH
+ H2
-H2O
 
Figure 15: Synthesis of 1-2 propan diol from glycerol. [31] 
Epichlorohydrin was historically the starting material for the production of glycerol and 
it can be also produced from glycerol. The production takes place in two steps. The 
first step is chloration of glycerol with chloric acid. In the second step the oxirane ring 
is formed by the usage of sodium hydroxide.[32] Recently, Solvay and DOW have 
installed two epichlorohydrin plants, based on this route.[33] 
 
Figure 16: The two step process for the production of epichlorohydrine from glycerol. The 
process is also known as Epicerol process. [32] 
Another potential application for glycerol is the production of synthesis gas. The 
synthesis gas (H2, CO) can be utilized in Fischer-Tropsch synthesis. The synthesis 
gas, obtained by steam reforming, can be even used for the formation of methanol, 
which is the main reactant next to the fatty acids for the transesterification process, 
for the production of bio-diesel.[15] But this is less preferable, due to C-3 backbone 
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destruction. Industrially required processes are the ones, which change the functional 
groups while maintaining the C-3 structure. The present work relates to that request, 
where glycerol is converted to acrolein. 
As briefly introduced, glycerol has many uses in the organic industrial chemistry, due 
to its valuable C-3 backbone and homogeneously distributed –OH groups. Behr et al. 
summarized the potential application fields of glycerol, as given in figure 17: 
 
Figure 17: Compilation of the main glycerol derivatisation routes. [15] 
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2.2 Acrolein 
Acrolein is the simplest unsaturated aldeyhde. It has high synthetic and technical 
potential due to the conjugation of the carbonyl group with a vinly group. Acrolein is a 
highly toxic material and it is a yellowish liquid with a distinctive pungent odor. It is a 
flammable material with high environmental polluting potential.[7] 
Acrolein is partly soluble in water. While at 20° C aqueous solutions of acrolein up to 
21,4 wt. % are realizable, this drops slightly to 20,0 wt. % at 0° C.[34] Due to its 
dimerisation potential, it is mainly stored with 1 wt. % hydroquinone. 
Historically acrolein was produced by the condensation of acetaldehyde with 
formaldehyde. 
 
Figure 18: Condensation of acetaldehyde with formaldehyde yielding acrolein. [35] 
This process was developed in the 40’s by Degussa, which was then displaced by 
the direct oxidation of propylene in the 50’s. [34, 35] 
 
Figure 19: Current production of acrolein from propylene. [35] 
The reaction takes place in the gas phase and in the presence of heterogeneous 
catalysts at 350° C.[35] There were several progresses in the catalyst development for 
this mentioned reaction. After the discovery of bismuth-molybdenum oxide catalysts 
in 1960 by Sohio in the United States, the catalyst was improved by the addition of 
other metals. Table 3 summarizes the developed catalysts. 
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Table 3: Propylene oxidation catalysts for acrolein production. [7] 
Year Catalyst Company 
1960 BiMo Sohio 
1965 BiMoFe Knapsack 
1969 BiMoFeNiCo Nippon Kayaku 
1970 BiMoFeNiCrSn Toa Gosei 
1972 BiMoFeNiPTlMg Sumitomo 
1974 BiMoFeCoWSiK Nippon Shokubai 
1990 BiMoFeCoNiPKSmSi Degussa 
1992 BiMoFeCoNiNaCaBKSi Mitsubishi Pet. Co. 
1997 BiMoFeCoWSiKZrS Nippon Shokubai 
1999 BiMoFeCoWSbZnK Mitsubishi Rayon 
In the year 2000 worldwide refined acrolein production was a quarter million of metric 
tons per year. This amount was mainly produced by seven producers. 
Table 4: Refined acrolein producers. [36] 
Producer Capacity [1000 mt/year] 
Degussa 110 
Dow 72 
Arkema 30 
Volzhskiy Orgsynthese 8 
Daicel 9 
Ohita 4,5 
Sumitomo 15 
(China) 4 
But these amounts do not include un-isolated acrolein, which is formed and used 
directly during the production of acrylic acid. In the year 2000 worldwide acrylic acid 
production was 2,1 million metric tons. Considering that for each kg of acrylic acid, 
0,75 kg of acrolein is needed, it can be calculated that another 1,575 million metric 
Basic knowledge 
tons of acrolein was produced in 2000, since acrylic acid is produced virtually only 
from acrolein.[36] 
There are some direct usages of acrolein. Due to its antimicrobial activity, it is 
employed as biocide in piping and waste management. At low concentrations, it is 
also used to protect liquid fuels against microorganisms. As H2S scavenger and as 
anti algae agent, acrolein found usage in the oil fields.[7] 
Refined acrolein however is mainly used for the production of methionine, which is a 
sulfur containing amino acid, used widely as supplementary in fodder, especially for 
poultry. Thereby, methionine is produced in a three step process.[37] First acrolein is 
reacted with methyl mercaptane to methyl thio propionaldehyde in the presence of 
basic homogeneous catalysts. 
 
Figure 20: Reaction of methyl mercaptane with acrolein, which is the first step for the 
production of methionine from acrolein. [37] 
Then the obtained aldheyde reacts to hydantoine in an aqueous solution at 90° C 
with sodium cyanide and ammonium bi-carbonate. 
 
Figure 21: Second step of methionine production. [37] 
In the last step the hydantoine is converted to methionine first in its reaction with 
sodium hydroxide then with sulfuric acid yielding DL-methionine under elimination of 
carbon dioxide as well as ammonia. 
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Figure 22: Formation of methionine from hydantoine. [37] 
Due to the lack of chiral information during the reaction, the methionine is formed as 
a racemic mixture. A racemic separation is unnecessary, since the enzymes of the 
poultry can transform D-Methionine into L-Methionine and thus both enantiomers are 
used as fodder.[37] 
Other uses for refined acrolein are, the production of alkoxypropionaldehyde, cyclic 
acetal derivates, or 1,3-propanediol via hydration of acrolein followed by 
hydrogenation (Degussa process). 
As already mentioned, acrolein is mainly used without its isolation in the production of 
acrylic acid by oxidation is the gas phase. 
 
Figure 23: Oxidation of propylene via acrolein to acrylic acid. [38] 
Acrylic acid production is a two step process, in which propylene is the starting 
material. 
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Figure 24: Process scheme for the production of acrylic acid. [39] 
The first step, oxidation of propylene to acrolein takes place in the first reactor. The 
in-situ produced acrolein, is mixed with air and reacts to acrylic acid in the second 
reactor in the presence of bismuth molybdenum mixed oxide catalysts. Nearly full 
conversion and 99 % selectivity is achievable depending on the consistence, 
structure and age of the used catalyst. Poly acrylic acid is used as superabsorbers in 
diapers and hygienic pads.[36] 
The production of acrylic acid represents one of the biggest potentials for the 
industrial implementation of the present work. By exchanging the catalyst and 
process parameters it could be possible to use glycerol instead of propylene. It is 
also considerable to install a flexible system, which can handle both propylene and 
glycerol as starting material, depending on their actual prices. Such a switchable 
system could increase the profitability of the process and enable to make the optimal 
material choice during fluctuating crude-oil based propylene prices as well as 
uncertain glycerol availability. 
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2.3 Ally alcohol 
The initial goal of the present work was the investigation and development of 
heterogeneous catalysts for the dehydration reaction of glycerol yielding acrolein. 
During the development, a catalyst was discovered surprisingly to catalyze a very 
interesting reaction; formation of allyl alcohol from glycerol. 
Allyl alcohol was identified as a side product during the dehydration reaction of 
glycerol. Its selectivity was varying between 0 and 3 mol. % for common experiments. 
The addition of molybdenum oxide on a tungstated titania catalyst, boosted the 
selectivity of ally alcohol from the mentioned levels to around 30 % (see page 99). 
Allyl alcohol (2-propen-1-ol) is the simplest unsaturated alcohol. It is a colorless liquid 
having a pungent odor with very high toxicity.[40] It is freely miscible with water and 
has a boiling point of 97° C. 
There are four known processes for the production of very valuable allyl alcohol. It 
can be produced from allyl chloride, acrolein, allyl acetate or propylene oxide. 
The first one, in which allyl chloride undergoes hydrolysis with sodium hydroxide, was 
developed by Shell and Dow.[41] 
 
Figure 25: Hydrolysis of allyl chloride yielding allyl alcohol. [41] 
Allyl chloride was produced by the reaction of propylene with chlorine, as already 
described for the production of glycerol (see page 11). Due to the stoichiometric 
usage of chlorine gas and the formation of polluted sodium chloride as well as the 
corrosive chemistry of the reaction, this process was not attractive for the industry.[37] 
The second possibility, the Meerwein-Pondorf reduction between acrolein and iso 
propanol gives allyl alcohol and acetone.[41] 
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Figure 26: Reaction of acrolein and iso-propanol yielding allyl alcohol and acetone. [41] 
Since acetone is already produced as an undesired by-product of phenol synthesis 
via Hock process, the stoichiometric by-product of the above mentioned reaction 
decreases its economic attractiveness. 
Third process for the production of ally alcohol is the hydrolysis of allyl acetate, where 
allyl acetate is produced from propylene and acetic acid in the presence of palladium 
catalysts [41]. 
 
 
Figure 27: Formation of allyl acetate from propylene and acetic acid. [41] 
The formed acetate is then hydrolysed to allyl alcohol during the recovery of acetic 
acid. 
 
Figure 28: Hydrolysis of allyl acetate forming allyl alcohol and acetic acid. [41] 
The fourth possibility is the isomerisation of propylene oxide in the presence of 
lithium phosphate or chromium oxide as catalysts (Lyondell/ARCO Process).[37] 
O OH
 
Figure 29: Isomerisation of propylene oxide to allyl alcohol. [37] 
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The process yields up to 60 % allyl alcohol and is used widely. The increasing 
availability of proplylene oxide as well as absence of steps involving chlorine, made 
this method to be the most used process worldwide.[37] But this process suffers under 
low yield. Therefore new alternatives are strongly desired. 
Allyl alcohol is an intermediate with rapidly increasing fields of use. For the 
production of epichlorohydrine, allyl diglycol carbonate, allyl glycid ether, allyl 
methacrylate and triallylcyanurate and especially 1-4 butanediol (a new process is 
currently being developed by Lyondell), allyl alcohol is needed as starting material.[42] 
Diethylene glycol bis (allyl carbonate), which is the monomer used for plastic optical 
lenses, is also based on allyl alcohol.  
The increasing allyl ester resin demand pressured the industry to increase their 
capacities. Showa Denko KK, Japan, announced in 2008 to increase their allyl 
alcohol production from 56.000 tons/year to 70.000 tons/year.[43] The process is 
based on a further development of propylene/acetic acid process, which is presented 
above. Obviously, none of the processes is based on renewable feed stocks. Apart 
from that, they are either using expensive compounds as starting materials or 
involving chlorinated intermediates. 
Recently Bergman et al. reported about using glycerol as starting material for allyl 
alcohol production.[44] But the reaction needs stoichiometric amounts of formic acid 
and CO2 is produced as by-product, which makes the process unattractive. 
 
Figure 30: Indirect formation of allyl alcohol from glycerol according to Bergman et al. [44] 
Direct conversion of glycerol to allyl alcohol in the presence of MoO3-WO3/TiO2 
catalyst was discovered in the progress of the current work. 
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Figure 31: Direct conversion of glycerol acrolein. 
Apart from the economical advantages, the direct conversion of glycerol to allyl 
alcohol, which represents an entirely new synthesis method, makes allyl alcohol 
production to become independent from crude oil, thus less straining for the 
environment in terms of global warming. 
3 Heterogeneous catalysts used in this work 
The reactant, aqueous glycerol solution, is in the gas phase during the reaction and 
the catalysts are solid materials, thus the definition of heterogeneous catalysis 
applies here with its all extent. Heterogeneous catalysts are defined as solids, which 
catalyze reactions where the reactant molecules are in their gas or liquid state.[45] 
Heterogeneous catalysis became one of the most interesting disciplines of applied 
chemistry, due to its extensive usage in the daily life and in the production of the 
chemicals which we use directly or indirectly. The catalysts made of palladium, 
platinum and rhodium are used nowadays in every car as exhaust gas cleaner. In the 
oil refineries, various heterogeneous catalysts are employed for the production of raw 
materials, for the sequent organic chemical industry as well as for the production of 
high quality fuels. Heterogeneous catalysts did not only improve the scale of 
economy but also enabled new processes and it is the key to green chemistry.[45] 
While metal oxides represent a big portion of the available heterogeneous catalysts, 
other solids as sulfide, carbides, acids, salts, polymers are also employed as 
catalysts. Virtually any solid material can be a heterogeneous catalyst.[46] 
The art of catalyst development does not only lie in the exploration of suitable 
chemical composition of the catalyst, but also in the investigation of its properties, as 
acidity, basicity, pore size, surface geometry, surface area and particle structure for 
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obtaining the optimal catalyst for a given reaction. These properties can be controlled 
on one hand by the selection of right material and on the other hand by controlling 
the chemical and physical parameters of the catalyst production. While the catalyst 
properties can be observed by means of modern spectroscopy and other 
measurement methods using the principles of physical chemistry (catalyst 
characterization), the performance of the catalyst can be diagnosed by its application 
with the desired reaction (catalyst screening). 
After a successful application of the catalyst in a small scaled reactor, its 
implementation for a bigger industrial process requires former optimization of 
engineering parameters, as heat transfer or particle deformation. 
Despite the various possibilities of material and property selection, the industrially 
applied catalysts are repetitive. First of all 96 % of the employed heterogeneous 
catalysts in the industrial chemicals are solid acid catalysts. The remaining 4 % is 
shared nearly equally by solid base and solid acid-base bifunctional catalysts.[47] 
Tanabe and Hölderich have classified the industrial used catalysts according to their 
chemical composition.[47] The following diagram, leaning on the mentioned study, 
reveals that a big portion of the used solid catalysts are either zeolites or metal 
oxides. 
 
Zeolites 44%
Metal oxides 32%
Phosphates 9%
Ion-exchange resins 
9%
Clays 2%
Immobilized enzymes 
2%
Sufates / Carbonates 
2%
 
Figure 32: Classification of industrial applied catalysts according to Tanabe and Hoelderich. [47] 
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The dominance of the zeolites and metal oxides in the industrial catalysts is not only 
due to their low prices but also because of their thermal stability and configurable 
properties. 
In the course of the present work, different classes of catalysts were developed and 
screened. Especially the WO3/ZrO2 as well as WO3/TiO2 catalyst systems were 
discovered to be suitable for the dehydration of glycerol yielding acrolein. Despite 
general perception, the nature is quite rich of zirconium compounds. It is about the 
twentieth most abundant element in the earths crust.[48] Zirconium compounds, 
especially zirconia, are widely used in catalytic systems. The surface of zirconia can 
have slightly acidic or slightly basic properties, depending on the preparation method. 
As a matter of fact, zirconia can be considered as a nearly neutral material. The 
acidic sites (Zr4+) and the basic sites (O2-) are very weak. And calcined at low 
temperatures, the acidic / basic sites on the surface (OH) are also very weak. This 
character makes zirconia to be a very interesting material since undesirable side 
reactions and coking are known to be taking place in the presence of strong acidic 
materials.[49] Surface acidity and basicity issues regarding ZrO2 are investigated 
experimentally and presented in chapter D1.1.1.2.1 (p.47). 
Zirconia, which can be produced from the natural ores of zircon (ZiSrO4) has three 
known structures; monoclinic (stable up to 1200° C), tetragonal (stable up to 1900 
°C) and cubic (stable above 1900° C). A tetragonal form is also known to be stable 
up to 650° C.[49] The surface area of zirconia can be between 10 and 180 m²/g, 
depending on the calcination temperature.[49] While the surface of zirconia shows 
both acidic and basic properties, the infrared spectroscopic studies showed that the 
acidic sites are Lewis type of sites and not Brønsted, whereby the absence of 
Brønsted sites is questionable.[50]  
Acid / base properties of zirconia can be modified by the addition of cationic and 
anionic substances. The addition of sulfate ions, for example, increases the acidity 
drastically. The ZrO2/SO42- catalysts (strong Brønsted sites), which can be prepared 
by simply from ZrO2 and sulfuric acid, are known to be very good hydrocarbon 
isomerization and cracking catalysts. However, the easy removal of the sulfate ions 
(leaching) is a major drawback of the mentioned catalysts. [51,52] 
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Another possibility for producing acidic catalysts based on zirconia is its promotion 
with tungsten oxide. The WO3/ZrO2 catalysts have significant advantages in 
comparison to ZrO2/SO42- catalysts. The stability at high temperatures and in 
reductive atmosphere, leads to slower deactivation compared to sulfated zirconia 
catalysts.[53] The acidic nature of the catalytic system is due to the WOx species on 
the ZrO2 support, where both Lewis and Brønsted type acidic sites are available.[54] 
The catalyst can be prepared easily by wet impregnation method, where solid ZrO2 is 
introduced into the aqueous solution of a tungsten salt (ammonium metatungstate) 
and the WO3 is revealed with elimination of ammonia by calcination.[55,56] 
Precipitation can be used for the formation of the catalyst as well, where the 
ammonium metatungstate and zirconium oxychloride are used as precursors.[57] 
Titanium oxide (titania) is also available as catalyst carrier. Titania is one of the 
chemicals which are used widely in our daily life. It is used as white pigments in 
paints, textiles and tooth pastes due to its inert nature in the human body.[58] 
Especially heterogeneous photo-catalysis has gained a big public interest, where the 
oxidation reactions are catalyzed with the help of sun light in the presence of 
titania.[59] Titania has three modifications; Anatas, rutile and brookit, while the last 
one does not have industrial importance.[58] Due to its low price, wide abundance, 
and large industrial application, titania is an attractive material for the catalyst 
research and there is a big know-how about it.[60] High surface areas up to 300 m²/g 
are reachable with titania carriers. 
The acidic nature of the mentioned catalysts can be achieved also by using hetero 
poly acids instead of tungsten oxide. Hetero poly acids are clusters of tungsten oxide 
species where the center of the cluster is occupied by a silicium, boron or germanium 
atom.[61] Especially tungsten containing hetero poly acid are supposed to be “super-
acidic” since the anion [PW12O40]3- contains the smallest negative charge among the 
different hetero poly anions with stable Keggin structures, so that the corresponding 
acid forms the strongest one. The following figure shows the structure of the 
mentioned species. 
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Figure 33: The Keggin structure of 12-Tungstophosphoric anion. [61] 
4 Brief information about techniques and reactors used in the 
work 
Various common techniques were employed for catalyst characterization. Especially 
N2 physisorption for the determination of surface area and pore structure (BET) as 
well as temperature programmed desorption (TPD) for understanding catalyst acidity 
/ basicity were the methods, which were taken into account. 
Surface area and pore structure have key importance for the success of a solid 
catalyst. Since the reactions take on the surface of the catalyst, its size is 
proportional to the number of single reactions taking place simultaneously. The pores 
on the other hand can hinder or enable the access of reactants to the active sites 
within the catalyst. Also product selectivity can be controlled with pore size. 
In terms of the size of the pores, solid materials can be divided into three main 
classes. If the pores are smaller than 2 nm, the material can be called as 
microporous. Materials having pore sizes between 2 and 50 nm are mesoporous. 
Above 50 nm the structure is addressed as macroporous. A material can also 
possess several of the named characters at once.[62] 
The amount of an inert gas which is needed to form a monolayer on the total area of 
a given solid material leads to the calculation of its surface area. The physisorption 
and desorption of the inert gas and the pressures calculated within these processes 
yield the surface area and pore structure upon using the equation of Brunauer, 
Emmett and Teller (BET).[62] 
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Thermal desorption method (TPD) is a widely used technique for understanding the 
acidic and basic properties of solid materials. In this technique NH3 for acidity or CO2 
for basicity investigation is first physisorbed on the catalyst at room temperature. 
 
Figure 34: Reactions showing the principle of temperature programmed desorption. The A+ 
denotes acidic sites and Z- represents basic ones. 
As the figure 34 shows, the species formed by the adsorption of the used gas with 
the investigated site is destroyed sequently by increasing the temperature. The 
strength of the bond between the gas and the site is proportional to its acidity or 
basicity. The stronger the bond, the higher temperatures are required for its 
destruction. The amount of the released gas is observed by thermal conductivity 
detector (TCD). While the temperature is an index for the strength of the mentioned 
site, the amount of the detected gas is proportional to the abundance of the site on 
the catalyst. 
The produced and characterized catalyst should be compared with its experimental 
activity. This is mostly done in relatively small experimental reactors, which amounts 
up to 10 g can be charged with. It is favored, that the reactor has the similar type as 
the industrial process for which the catalyst is developed. 
Reactors in general can be divided into two classes upon their method of operation. 
On one hand there are discontinuous reactors and on the other hand the continuous 
ones. The discontinuous reactors, which are also referred as batch reactors, are 
charged with the catalyst as well as reactants. After the reaction time the products 
are discharged, separated from the catalyst and processed further. These types of 
reactors are used for chemicals, which are produced in relatively smaller amounts, as 
for example in the pharmaceutical industry. The advantages of these reactors are 
their flexibility, easy cleaning possibilities and low prices.  
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For bulk chemicals, on the other hand, continuous reactors are employed. These 
reactors mostly consist of a tube or a group of tubes (multitubular reactors), which 
can be heated from the outside. The catalyst is placed into the tube. The reactants 
flow into the reactor from one end, and the products are obtained from the other end 
in a continuous manner. The advantages of these reactors lie in their high throughput 
but on the other hand they are expensive and not flexible in terms of process variety. 
Since acrolein and its sequent compounds are considered as bulk chemicals, the 
production is done using continuous tubular reactors. Based on this, a prototype of 
such a reactor in a small scale was built in the laboratory and the experiments were 
conducted using it. 
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Figure 35: Simplified scheme of the laboratory set-up. See page 108 for a more sophisticated 
scheme. 
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C STATE OF THE ART 
The dehydration of glycerol yielding acrolein is a reaction which was known since the 
beginning of the last century. Already in 1918 P. Sabatier et al. reported the 
decomposition of glycerol to different products, including acrolein in the presence of 
alumina catalysts.[10] 
The company Schering-Kahlbaum A.G. patented a process in 1930, in which 80 % 
acrolein yield was claimed by the dehydration of glycerol using metal phosphates 
impregnated on pumice stone.[63] 
18 years later H. E. Hoyt et al. patented a heterogeneous catalyzed continuous flow 
fixed bed process for the production of acrolein from glycerol. In that patent the 
consistence of the catalyst material was reported as ortho phosphoric acid supported 
on diatomaceous earth, which was mixed with a petroleum oil fraction having a 
boiling point between 300° and 400° C. An acrolein yield of 72.8 % was reported.[64] 
In 1993 A. Neher et al. claimed the production of 1,2- and 1,3-Propandiol from 
glycerol. The first step described in this patent is the dehydration of glycerol using  
α-alumina supported phosphoric acid for the production of acrolein. The acrolein yield 
was reported as 70.5 %.[65] 
In the current decade this reaction has gained immense academic and industrial 
interest. In collaboration with Arkema France, the group of Hoelderich found the high 
activity of WO3/ZrO2 systems for the dehydration of glycerol in the gas phase for the 
first time in 2005. The experiments with outstanding 73 % to 80 % acrolein yields at 
total conversion of glycerol as well as the advantages of oxygen addition are 
described extensively. [66,67,68,69,70,71] 
In 2007 E. Matsunami et al. patented a process, in which glycerol was dehydrated to 
acrolein using different phosphates. The acrolein yield was reported as 61.2 % using 
a Si, P, Cs composite catalyst.[72] 
In the same year X.Z. Li patented the same reaction using acidic zeolites. The 
highest acrolein yield was reported as 82.1 % using ZSM-11 as catalyst at 320° C.[73] 
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Also in 2007 S. Sato reported the high activity of silicotungstic acid supported on 
meso-porous silica resulting in 86.2 % selectivity of acrolein and a glycerol 
conversion of 98.3 % at 275° C.[74] 
The screening of several heterogeneous catalysts for the dehydration of glycerol was 
comprehensively reported by B.-Q. Xu et al in 2007, too. 65 % yield on acrolein was 
achieved by using 15 wt. % WO3/ZrO2 catalysts.[75,76] 
Recently, Y. Ding et al. published that silicotungstic acids supported on activated 
carbon leads to 75 % acrolein selectivity at 93 % glycerol conversion under He 
atmosphere at 330° C.[77] 
The following table summarizes the mentioned developments.  
 
State of the art 
Table 5: State of the art for the conversion of glycerol to acrolein. 
Date By Country Best catalyst X Gly [%] Y Acr [%] S Acr [%] T [° C] WHSV 
21.05.1930 Schering Co. Germany Earth/PO43- - 80 - 420 - 
29.01.1948 Hoyt USA Earth/PO43- - 72,3 - 286 0,55 
18.10.1993 Degussa Co Germany Al2O3/PO43- H-ZSM5 100 70,5 70,5 300 0,08 
26.10.1996 Kao Co. Japan KHSO4 97 79,54 82 280 0,4 
15.02.2005 Hölderich et al. Germany/France WO3/ZrO2 100 73 73 280 0,14 
15.02.2005 Hölderich et al. Germany/France WO3/ZrO2 100 73 73 280 0,14 
25.04.2005 Hölderich et al. Germany/France WO3/ZrO2 100 73-80 73-80 280 0,14 
05.12.2005 Vogel Germany ZnSO4 32 12,16 38 500  
04.12.2006 Sato Japan H4SiW12O40/SiO2 98,3 84,7 98,3 275 0,56 
08.03.2007 Kijenski Poland SiO2/Al2O3 30 30 100 300 0,7 
22.06.2007 Xu China WO3/ZrO2 100 65 70 315 - 
13.06.2007 Xu China Nb2O5 88 44,8 51 315 - 
03.09.2007 Martin Germany H4SiW12O40 100 63 63 275 - 
25.10.2007 N.Shok. Co Japan Zr(HPO4)2 100 63 63 230 - 
14.11.2007 Shang. Acr. Co China ZSM-11 100 82,1 82,1 320 0,34 
01.03.2008 Ding China H4SiW12O40/C 92,6 69,54 75 330 1 
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D RESULTS AND DISCUSSION 
In this chapter, the reaction results obtained with different catalysts will be discussed. 
First zirconia based catalysts, then titania based catalysts will be introduced. In 
addition to that, a reaction route is proposed upon the experiments conducted with 
tungstated zirconia catalysts. Especially the relationship between catalytic acidity or 
basicity (measured with NH3 or CO2 TPD) and catalytic activity was in the focus of 
the studies of the present work. 
Some of the catalysts were obtained from commercial catalysts suppliers, and they 
were applied without prior modification except particle formation. The homemade 
catalysts were prepared according to the impregnation method.  
The experiments were conducted in a continuous flow reactor in the gas phase. The 
reaction temperature was between 240° and 340° C and the 20 wt. % aqueous 
glycerol solution was pumped in most cases at a rate of 23 g/h. The products were 
analyzed using a GC. Not all reaction products could be identified. The data given in 
the “others” row represent the identified products, which have a total selectivity of 
less than 5 %. The rest of this value should be regarded as unknown products. 
The presented selectivity and conversion figures are mean values of at least three 
steady values. For more information about the experimental procedure, catalyst 
preparation and sampling method please refer chapter F, page 105. 
1 Zirconia based catalysts 
In this section the catalysts are presented, which have zirconia as carrier. The results 
are produced mainly by using tungstated zirconia, followed by sulphated zirconia and 
cerium oxide on zirconia. The comparison of different catalysts required standard 
reaction parameters, which were first set and then kept constant throughout the 
studies. Preliminary experiments for the determination of these standard parameters, 
as catalyst particle size, reactant feed rate, reaction temperature and catalyst amount 
were accomplished using tungstated zirconia catalysts. All other catalysts of the 
present work were screened using these obtained standard parameters. 
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1.1 Tungstated zirconia 
The investigated tungstated zirconia catalysts can be divided into two groups; 
commercial and home made catalysts. Most of the experiments are accomplished 
with commercial catalysts obtained from Daiichi KKK, Japan and St.Gobain/Norpro, 
USA. 
1.1.1 Commercial catalysts 
Several commercially available tungstated zirconia catalysts were screened. The 
physical properties of these catalysts are as follows:  
Table 6: Physical properties of the used commercial tungstated zirconia catalysts 
Catalyst Supplier WO3 amount  PSD50 BET surface 
Pore 
maximum  
BET mesopore 
Volume  
  [%] [µm] [m²/g] [Å] [cm³/g] 
KAT21 Daiichi KKK 8,89 N/A 203 100 0,0034 
KAT29 St. Gobain 19 N/A 120 44 0,1352 
KAT45 Daiichi KKK 2,11 1,32 107 59 0,1935 
KAT44 Daiichi KKK 5,31 1,29 108 60 0,1916 
KAT43 Daiichi KKK 7,27 1,29 184 43 0,1672 
KAT42 Daiichi KKK 9,17 1,28 189 46 0,1753 
KAT41 Daiichi KKK 15,43 1,27 186 48 0,1359 
The catalysts can be split into two groups. The first two catalysts (KAT21 and KAT29) 
were obtained in larger amounts and were applied for preliminary experiments as 
well as reaction route studies. The catalysts “KAT41 – KAT45” were obtained in small 
amounts and were used for the observation experiments to study the relationship 
between physical properties and performance.  
The effect of calcination was studied using the catalysts “KAT44, KAT42 and KAT41”. 
The common property of the catalysts, which are mentioned here, is the high surface 
area. None of them has less than 100 m²/g of surface area. The pore maximum in the 
table above gives the most abundant pore size existing in the catalytic system. 
Considering the measured sizes of the pores, the materials are of mesoporous 
character.  
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1.1.1.1 Preliminary experiments 
There are several parameters which can be altered and studied for the presented 
reaction under continuous manner of conduction. These parameters, their effects, 
and experiments for searching their optimal values for future experiments are the 
subject of this subchapter. First the parameters will be shortly introduced, and then 
the experiments as well as theoretical discussion are presented.  
• Reaction temperature; this is an essential parameter, since the evaporation of 
the reactant and the kinetics of the main and side reactions are depending on 
the reaction temperature. 
• Contact time; it is the duration of contact between the reactants and the 
catalytic bed. It can be controlled either by the alteration of catalyst bed length 
or reactant flow rate. Theoretically, low contact time is favored for such 
reactions which take place rather quickly and where consecutive or slower 
competitive reactions are wished to be hindered. High contact time, on the 
other hand, is used for slow reactions so that the accomplishment of the 
reaction is assured. In the present study, the contact time is set indirectly by 
changing the catalyst bed length while keeping the reactant flow rate constant. 
• Effect of particle size; the observed reaction rate is set by several different 
factors as micro-kinetic, chemical reaction, internal mass transfer and external 
mass transfer. The catalyst consists of particles and thus the catalyst bed, as 
whole, includes solid catalyst mass and the air between these particles. If the 
catalyst bed is made of small particles, the density of the bed and the available 
external catalytic surface is high but this also leads to high pressure loss along 
the bed. On the other hand, if the particles are big, the pressure loss but also 
the available catalytic surface is low. Also for practical reasons, the catalyst 
particle size should be optimized, since a catalyst bed made of very small 
particles tend more to a blockage caused by possible polymeric products, 
while very big particles lead to big gaps causing high by-pass flow of the 
reactant without getting any contact with the catalytic surface. Also big 
particles are harder to handle and sometimes even impossible to fill into the 
reactor. 
Results and discussion 
For the optimization of these parameters the following experiments were conducted. 
1.1.1.1.1 Determination of standard temperature 
An initial series of experiments were conducted with unmodified 8,89 wt. % 
WO3/ZrO2 (KAT21, Daiichi KKK, Japan) for the determination of optimal reaction 
temperature. For each experiment 9,0 ml of the catalyst, corresponding to 10,0 g, 
were placed into the reactor. A 20 wt. % aqueous glycerol solution was used as 
reactant which was fed into the reactor at a rate of 30 g/h together with 2,5 mln/min 
oxygen. The results are presented in figure 36. 
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Figure 36: Effect of the temperature on glycerol conversion and acrolein selectivity over 8,89 
wt. % WO3/ZrO2 provided by Daiichi KKK, Japan (KAT21). Experiment numbers: AR16, AR14, 
AR12, AR18, AR21. Conditions: 20 wt. % aq. glycerol solution | Feed 30 g/h | O2 2,5 mln/min | 
Cat. bed 9,0 ml | Particle size 0,5-1,0 mm 
At temperatures above 260° C, glycerol is converted extensively. The acrolein 
selectivity, however, shows a maximum at around 280° C. At lower temperatures the 
intermolecular dehydration, yielding oligomers of glycerol are thermodynamically 
favoured over the desired intramolecular dehydration forming acrolein. At 
temperatures higher than 280° C, the formation of CO and CO2 is possible. These 
two reasons are responsible for the selectivity decrease of acrolein. That is also 
supported by the fact, that the untraped product mass increased with rising 
temperatures, from 0,1 wt. % at 240° C to 2.0 wt. % at 320° C. 
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Due to these results, 280° C was selected as standard reaction temperature for 
further investigations. 
1.1.1.1.2 Determination of standard catalyst amount 
The contact time is a decisive parameter in the continuous heterogeneously 
catalyzed reactions. In general, increasing the contact time enables higher 
conversion rates but decreases selectivity, since the possible consecutive reactions 
have more time to happen. 
Four parameters, pumping rate of the reactant, reactor diameter, catalyst amount and 
catalyst particle size set the contact time. While pumping rate and reactor diameter 
sets the reactant flow rate, the catalyst amount and particle size determine the 
volume of the catalytic bed. The ratio between the flow rate and the catalyst bed 
volume set the contact time. 
In the present work, the pumping rate of the reactant was kept constant at 23 g/h and 
the reactor diameter was 0,6 cm. Considering these, the reactant flow rate was kept 
constant. Thus the contact time was controlled, by catalyst bed length. This value –as 
mentioned- is dependent on the catalyst amount and catalyst particle size. 
Four experiments were conducted with different catalyst bed volumes using the 
catalyst KAT29, provided by St. Gobain/Norpro at 280° C in the absence of oxygen. 
The particle size was kept at 0,5-1,0 mm. The results of the experiments are given in 
figure 37. 
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Figure 37: Effect of the catalyst bed volume on glycerol conversion and product selectivity in 
the presence of 19 wt. % WO3/ZrO2 provided by St. Gobain/Norpro (KAT29). Experiment 
numbers: AR151, AR154, AR153, AR155. Conditions: 20 wt. % aq. glycerol solution | Feed 23 
g/h | Without oxygen | Particle size 0,5-1,0 mm. Others are acetone, propanal, acetaldehyde, 
acetic acid, propionic acid, allyl alcohol, CO, CO2, different acetals, oligomers of glycerol as 
well as unidentified products. 
As the figure represents, the catalyst bed volume below 4,5 ml leads to low 
conversion and acrolein selectivity. On the other hand values above 4,5 do not 
increase the conversion. Complete conversion can be easily achieved by dropping 
the flow rate but this is undesired for the investigation, since complete conversion 
makes it impossible to compare two catalysts in terms of their capacity. 
Based on these cognitions, the standard catalyst bed length was set to 4,5 ml, which 
gives a catalyst mass of 3 to 6 grams, depending on the density of the used solid at a 
particles size between 0,5 to 1,0 mm. The contact time was calculated as 0,333 s, for 
280° C for pumping ration of 23 g/h of 20 wt. % glycerol solution. 
1.1.1.1.3 Determination of standard catalyst particle size 
The solid particles, applied as catalysts for the reaction were produced with a two 
step process. First the solid powder was formed into single cylindrical pellets with a 
41 
Results and discussion 
diameter of 1 cm and a height of approximately 0,5 cm. Then these pellets were 
crushed into smaller particles, which were then fractioned by using sieves with 
different mesh size.  
The particle size sets on one hand indirectly the catalytic bed volume and thus the 
contact time and on the other hand the total surface area of the catalytic bed can be 
altered by this parameter. While low particle sized particles lead to higher pressure 
drop and to stuck reactors, high particle sizes can be hard to handle and lead to low 
conversion rates. Three experiments with three different particle sized catalysts 
(KAT29) were conducted for setting this parameter. 
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Figure 38: Effect of the catalyst particle size on glycerol conversion and product selectivity. 
Catalyst: KAT29. Experiment numbers: AR160, AR158, AR159. Conditions: 20 wt. % aq. 
glycerol solution | Feed 23 g/h | Without oxygen | Catalyst mass 5,0 g | T 280° C | Others are 
acetone, propanal, acetaldehyde, acetic acid, propionic acid, allyl alcohol, CO, CO2, different 
acetals, oligomers of glycerol as well as unidentified products. 
The selectivity of products were practically unaffected by catalyst particle size. 
Acrolein selectivity slightly below 70 % and acetol selectivity around 10 % were 
constant. On the other hand, glycerol conversion dropped significantly with increasing 
particle size as expected, since the available catalytic surface area decreases among 
the series. This is also an indication for the presence of internal transfer 
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hindrances.[78] Also the formation of short-cut routes within the catalyst bed is 
considerable. 
Based on these experiments the standard particle size was set to 0,5-1,0 mm. There 
are also practical reasons for the selection of this value. During the reaction the 
oligomers of glycerol are expected, since the dehydration should not only occur 
within the same glycerol molecule but also between two different ones, leading to 
cross-links between them. These oligomers tend to block the reactor if the particle 
size is selected too small. On the other hand bigger particle sizes are harder to fill 
into the reactor and even if it was done so, the amount of air between the particles 
within the catalytic bed is so high, that the reactant has increased possibility for a 
short-cut route, which leads to low conversion rates. 
1.1.1.1.4 Effect of oxygen co-flow 
The dehydration of glycerol was performed in the gas phase, normally at 280° C. The 
positive effect of continuous oxygen addition into the gas phase is already known and 
reported[66]. Even though the exact mechanism of this effect is not known, it is 
possible that oxygen hinders catalyst deactivation and manipulates product 
selectivity. The optimal flow rate of oxygen was determined by C. Duquenne in our 
group in a former work [66]. 
Table 7 summarizes the experimental results to demonstrate the effect of oxygen 
usage during the dehydration reaction of glycerol. 
Table 7: The effect of oxygen on the conversion and product selectivity. Catalyst: KAT29. 
Conditions: 20 wt. % aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Particle 
size 0,5-1,0 mm 
Gas Conversion Selectivity [%] Exp. 
[mln/min] [%] Acrolein Propion 
aldehyde 
Acetol Others 
AR158 0 82,9 68,6 0,8 10,2 20,4 
AR180 11,33 O2 72,7 74,3 0,3 8,0 17,4 
AR127 11,33 N2 80,2 67,2 0,7 10,8 21,3 
Others are acetaldehyde, acetone, allyl alcohol, acetic acid, propionic acid, CO, CO2, different 
acetals, oligomers of glycerol as well as unidentified products. 
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As the results show, oxygen has a positive effect on all presented reaction output 
except a slight drop of conversion. The conversion drop could be due to the blockage 
of active sites by oxygen in terms of ligand formation (see discussions about reaction 
route, p 72). It must be also taken into account that the contact time decreases from 
0,333 to 0,324 s by the addition of oxygen, since the reactant pumping rate was kept 
constant. The decrease of side products, especially propion aldehyde is very 
desirable, since the distillative separation of propion aldehyde and acrolein is very 
difficult due to their similar boiling points‡.  
At this point it must be clarified if the mentioned effect is due to the chemical nature 
of oxygen. It could be thought that the introduction of any extra gas leads to lower 
contact times thus to different results regardless the properties of the gas. Switching 
the gas flow from oxygen to nitrogen (AR127) showed very similar results to the 
experiment, in which no gas was used. This shows that the positive effects can be 
only achieved with oxygen. 
11,33 mln/min was used as standard flow rate of oxygen in all reactions of the current 
work, if any oxygen was needed. 
1.1.1.1.5 Results of preliminary experiments 
Based on the results of the preliminary experiments, the following reaction 
parameters were set globally for the present work. 
• Reaction temperature: 280° C 
• Catalyst particle size: 0,5-1,0 mm 
• Catalyst bed volume: 4,5 ml 
• Oxygen flow: 11,33 mln/min 
• Reactant pumping rate: 23 g/h 
If any parameter took a differing value, it is denoted as so in the reaction description. 
                                            
‡ Acrolein has a boiling point of 53° C and propion aldehyde boils at 47° C. 
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Before focusing on further investigations, a blank experiment with glass balls was 
conducted with above mentioned parameters to demonstrate, that a catalyst is 
essential for the reaction. The result of this experiment showed that glycerol was not 
converted and as anticipated no detectable amount of product was formed. 
1.1.1.2 Studies on the catalyst properties and its effect on the reaction 
In this subchapter the WO3/ZrO2 catalysts, produced by Daiichi KKK (KAT41- 
KAT45), Japan are discussed. The focus is on the acidity and basicity of the catalytic 
system (measured with TPD) compared with catalytic activity, in terms of conversion 
and product selectivity. The catalysts were obtained in forms of powders, which were 
shaped into particles as mentioned before by using a hydraulic press and sieves with 
different mesh size. The characterization was accomplished with these particles. The 
reactions were conducted in the absence of oxygen to study the sole effect of studied 
parameter. It can be anticipated that the catalyst performance with oxygen should be 
slightly superior. 
1.1.1.2.1 Effect of WO3 amount 
The amount of WO3 is varying between 2,11 to 15,43 within the presented series of 
catalysts (KAT41-KAT45). The initial particle sizes are similar and around 1,25 µm. 
The pore sizes are quite similar too. Apart from the WO3 amount, the apparent 
difference is the BET surface. While the first two (KAT45 and KAT44) have around 
100 m²/g surface area, this value is much higher for the remaining three. 
Table 8: List of WO3/ZrO2 catalysts with different WO3 amounts and their physical properties. 
WO3 
amount  PSD50 BET surface 
Pore 
maximum  
Mesopore 
volume  Cat. Supplier 
[%] [µm] [m²/g] [Å] [cm³/g] 
KAT45 Daiichi KKK 2,11 1,3 107 59 0,1935 
KAT44 Daiichi KKK 5,31 1,3 108 60 0,1916 
KAT43 Daiichi KKK 7,27 1,3 184 43 0,1672 
KAT42 Daiichi KKK 9,17 1,3 189 46 0,1753 
KAT41 Daiichi KKK 15,43 1,3 186 48 0,1359 
The TPD measurements of these catalysts show some clear trends. Figure 39 shows 
the results of these measurements. The increasing temperature axis (X) implies 
increasing strength of the acidic or basic sites. On the other hand the increasing 
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signal (Y) correlates to the amount of corresponding sites. The diagrams are 
presented according to their WO3 loading (Z). 
 
  
NH3 TPD (KAT41-KAT45) CO2 TPD (KAT41-KAT45) 
Figure 39: NH3 and CO2 TPD’s of WO3/ZrO2 catalysts with low particle size, provided by Daiichi 
KKK, Japan. 
Three possible observations can be made for the acidity of the catalysts based on 
these TPD results. There are two acidic sites with two different strengths; weak acidic 
sites with TPD centre at 240° C and strong acidic sites with TPD centre at 500° C. 
The concentration of the weak acidic sites are increasing with loaded WO3 amount 
except the last catalyst (KAT41) with 15,43 wt. % loading. The maximum is at 9,17 
wt. % WO3 (KAT42). The concentration of the strong acidic sites are increasing with 
loaded WO3 amount except the last catalyst with 15,43 wt. % loading (KAT41). The 
maximum is at 9,17 wt. % WO3 (KAT42).  
Similar observations are possible for the basicity of the catalysts as well; there are 
two basic sites with two different strengths. The weak basic sites have a TPD centre 
at 180° C and the strong ones at 450° C. The concentration of the weak basic sites 
are decreasing with loaded WO3 amount except the last catalyst with 7,27 wt. % 
loading (KAT43). The maximum is at 2,11 wt. % WO3 (KAT45). The concentration of 
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the strong basic sites is showing no observable tendency. The maximum is at 9,17 
wt. % WO3 (KAT42). 
At this point, it is necessary to comment about the pure components of the presented 
catalytic system; WO3/ZrO2. Even though ZrO2 is cited as a quite neutral material [50] 
its surface properties depend on the preparation method. According to Tanabe, ZrO2 
has weak acidic sites, which are mainly Lewis and partly Brønstedt type. On the other 
hand, basic sites are available on ZrO2, if it is prepared by the calcination of 
Zr(OH)2.[79] Based on this, it can be concluded that the striking acidity of the 
presented catalysts is contributed by WO3 and any observed basicity is originated 
from ZrO2. This is supported by the fact that the basicity decreased with increasing 
WO3 amount, while the acidity increased. 
For the validation of this issue, TPD measurements with the basic components were 
conducted. Figure 40 illustrates these results. 
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Figure 40: NH3 and CO2 TPD’s of basic components. 
The diagram the left hand side shows, that the zirconia (KAT30, BET surface 162 
m²/g) has practically no surface acidity. As anticipated, WO3 (KAT31, BET surface 16 
m²/g ) has acidic sites. The acidity of WO3 is significant despite its low BET surface 
area. Thus, it can be concluded, that WO3 is the only component, responsible for the 
acidity of the catalytic system, WO3/ZrO2. 
The surface acidity measurements of the pure components, as presented on the right 
hand side of figure 40, reveal the following information; WO3 does not have surface 
basicity. Zirconia however can have surface basicity. While KAT31 (Norpro, 
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St.Gobain DMS2007-0093) shows high amounts of weak basic sites, (VP-ZrO2, 
Degussa§) has no surface basicity**. Conclusively, any observed basicity of the 
catalytic system, WO3/ZrO2, can be only originated from the catalyst support, 
zirconia. This basicity however, can be avoided by using the right type of zirconia. 
The most important conclusion from these findings however, is that only the 
combination of these materials (WO3 and ZrO2) can be applied as catalysts for the 
given reaction. While ZrO2 offers high BET surface, WO3 brings on the required 
acidity. 
The catalysts KAT41-KAT45 are commercial catalysts and their preparation method 
is not disclosed. The existence of basic sites however indicates that they are 
prepared from Zr(OH)2. Table 9 summarizes the screening results obtained with 
these catalysts as well as with pure ZrO2 (KAT30, BET surface 162 m²/g) and WO3 
(KAT31, BET surface 16 m²/g) for comparison.  
Table 9: The effect of WO3 amount on the conversion and product selectivity. Conditions: 20 
wt.% aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Without oxygen | Particle 
size 0,5-1,0 mm 
Selectivity [%] 
Exp. Cat. WO3 [wt.%] 
Conversion 
[%] Acrolein Acetone Acet aldehyde Propanal Al. Alc. Acetol Others
AR114 KAT30 0 37,3 11,6 0,0 0,5 0,4 1,4 0,0 86,1 
AR132 KAT45 2,11 51,1 11,3 0,3 2,7 0,9 2,0 40,2 42,6 
AR134 KAT44 5,31 37,7 27,8 0,4 2,9 1,8 4,4 41,5 21,2 
AR141 KAT43 7,27 45,4 25,9 0,3 3,1 1,0 3,6 29,1 37,0 
AR136 KAT42 9,17 38,2 35,2 0,8 3,5 1,1 4,3 29,7 25,4 
AR135 KAT41 15,43 57,7 55,3 0,1 2,9 1,5 3,5 25,1 11,6 
AR115 KAT31 100 81,6 27,0 0,3 0,8 0,6 5,9 1,5 63,9 
Others are acetic acid, propionic acid, acrylic acid, CO, CO2, different acetals, oligomers of 
glycerol as well as unidentified products. 
                                            
§ Used only for basicity comparison and not for screening purposes. 
** The basicity difference between two zirconia materials cannot be due to humidity deviations, since 
the materials undergo a drying procedure at 300°C prior to TPD measurements. 
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The conversion of glycerol does not show a clear trend. Nevertheless highest 
conversion was achieved with the catalyst, which has the highest amount of WO3 on 
ZrO2 as well as with pure WO3. The acrolein selectivity however increases with 
increasing loading amount. The highest acrolein selectivity among these catalysts is 
55,5 % with 15,43 wt.% WO3 loading (KAT41). Acetol selectivity (in contrast to 
acrolein selectivity) decreases along the series. Compared with the rest of the 
experiments presented in this work, an acetol selectivity of 41,5 % is the highest 
recorded value.  
At this point it must be mentioned, that the WO3/ZrO2 catalysts presented here 
(KAT41-KAT45) lead to much better results after calcination, most probably due to 
the elimination of basic sites. These results are presented and discussed in chapter 
1.1.1.2.2, page 50. The other by-products are also showing slight deviations and the 
unidentified products make a big part of the products of the reaction. 
The performance of the catalysts in terms of acrolein selectivity increases after an 
incubation time. Figure 41 shows this effect in combination with the WO3 loading. 
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Figure 41: Three dimensional presentation of acrolein selectivity over time and WO3 loading for 
WO3/ZrO2 catalyst systems. Catalyst: KAT41-KAT45. Experiment numbers: AR132, AR134, 
AR141, AR136, AR135. Conditions: 20 wt.% aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | 
T 280° C | Without oxygen | Particle size 0,5-1,0 mm 
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The diagram is a three dimensional presentation of the screening results, obtained 
with the catalysts KAT41-KAT45. During screening of the catalysts, several samples 
are taken from the product stream. In other parts of the current work, the screening 
results are given as mean values of several samples with steady values. This 
diagram, however, consists of the single measurement points.  
The X axis shows the reacted pure glycerol. Considering the feed rate of 23 g/h, 10 
grams of glycerol corresponds to a reaction time of around 25 minutes. The 
incubation period is shorter for catalysts with low WO3 loading. This should be due to 
the low concentration of active sites on the catalyst.  
In the incubation period, it is imaginable that the active sites are saturated with 
unreacted glycerol. According to Moulijn et al. seven physical and chemical steps can 
be considered starting from the reactant A (here glycerol) to the product B in a given 
heterogeneously catalyzed reaction.[80] These steps are: 
- Transfer of A from the fluid phase surrounding the catalyst pellet 
- Transport from the external surface of the pellet through the pores 
towards the active sites on the interior surface 
- Chemisorption of A on an active site as A* 
- Surface reaction of A* to B* 
- Desorption of B* 
- Transport of B through the pores towards the external surface of the 
pellet 
- Transfer of B from the external surface of the pellet to the bulk fluid 
phase 
It is considerable that the incubation period is needed to fulfill the first three steps for 
several sites. Once after the unreacted glycerol penetrates the pores of the catalyst, 
the continuously fed glycerol and product stream would form a balance, maintaining 
steady values for product selectivities as well as negligible mass loss. 
1.1.1.2.2 Effect of calcination 
As already mentioned, the catalysts in this section were provided by Daiichi KKK, 
Japan and applied without prior modification except particle formation. Three of these 
Results and discussion 
catalysts (KAT44, KAT42 and KAT41) were calcined 6 hours at 600° C (For 
temperature profile, see p. 106). This process changed several physical properties of 
the catalysts, which lead to alterations in terms of performance. 
Table 10: Effect of calcination on the pore system of WO3/ZrO2 catalysts 
WO3 content Calcination BET surface Pore maximum Cat. [wt.%]  [m²/g] [Å] 
KAT44 5,31 Before 106 63 
KAT79 5,31 After 48 107 
KAT42 9,17 Before 144 56 
KAT80 9,17 After 57 87 
KAT41 15,43 Before 140 62 
KAT81 15,43 After 59 77 
 
Table 10 summarizes the observed changes. For all three catalysts the BET surface 
decreased and the pore size increased. Apparently during the calcination process the 
heat induced the combination of small pores to form bigger pores and this occurrence 
led to smaller BET surface areas. The calcination process had also immense effects 
on the acidic / basic properties of the catalytic system, as illustrated in figures 42 and 
43. 
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Figure 42: NH3 TPD of WO3/ZrO2 catalysts with different WO3 amounts after calcination. 
51 
Results and discussion 
 
0
100
200
300
400
500
600
0 100 200 300 400 500 600
Temperature [° C]
TP
D 
S
ig
na
l [
m
V
/g
]
5,31 wt. %
9,17 wt.%
15,43 wt. %
 
Figure 43: CO2 TPD of WO3/ZrO2 catalysts with different WO3 amounts after calcination. 
The comparison of figures in page 46 with the figures above reveals the changes of 
the acidic/basic properties of the catalysts after the calcination process. The amount 
of weak and strong acidic sites decreased considerably. More significant is the 
extensive disappearance of both weak and strong basic sites. Probably the 
calcination process has ameliorated the dispersion of WO3 on the ZrO2 and 
presumably destroyed remaining Zr(OH)2 so that the basic sites of ZrO2 are 
extensively covered or eliminated. On the other hand, the drop of the BET area 
surface led to an overall decrease on all sites per gram of catalyst. 
The glycerol conversion and product selectivity obtained with these catalysts also 
differ radically. Table 11 summarizes these results.  
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Table 11: The effect of calcination on the conversion and product selectivity. Conditions: 20 
wt.% aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Without oxygen | Particle 
size 0,5-1,0 mm 
WO3 
amount Selectivity [%] Exp. Cat. 
[wt.%] 
Calcination 
procedure 
Conversion 
[%] Acrolein Propanal Acetol Others 
AR134 KAT44 5,31 Before 37,7 27,8 1,0 41,5 29,7 
AR173 KAT79 5,31 After 47,5 64,8 1,2 15,9 18,1 
AR136 KAT42 9,17 Before 38,2 35,2 1,1 29,7 34,0 
RS13 KAT80 9,17 After 95,6 62,3 1,4 9,5 25,1 
AR135 KAT41 15,43 Before 57,7 55,3 1,5 25,1 18,1 
AR174 KAT81 15,43 After 88,7 72,1 0,8 10,3 16,8 
Others are acetone, allyl alcohol, acetic acid, propionic acid, acrylic acid, CO, CO2, different 
acetals, oligomers of glycerol as well as unidentified products. 
The first observation is the considerable increase of glycerol conversion. Apparently 
increased pore size of the catalyst had a positive effect with respect to transport 
phenomena. The acrolein selectivity reached values between 64,8 % and 72,1 %. 
The absence of basic sites but the presence of acidic sites on the catalyst accounts 
for a strong increase of acrolein selectivity. Additionally the absence of basic sites 
decreased significantly the formation of acetol. No remarkable changes were 
recorded for the formation of propanal in relation to the calcination process. 
1.1.2 Self made WO3/ZrO2 catalysts 
In this chapter, the screening results of the self made WO3/ZrO2 catalysts are 
presented, which are prepared according to the impregnation method. A 
predestinated amount of water soluble salt of the desired metal oxide such as 
ammonium para tungstate (H40N10O41W12.7H2O) was dissolved in hot water. Into this 
solution the carrier material (zirconia) was introduced. After stirring for 2 hours and 
the evaporation of water, the remaining solid was calcined. The calcination process is 
supposed to reveal the metal oxide from its salt. The exact amount of the WO3, which 
was succeeded to be impregnated on the carrier, was determined by means of ICP. 
Three catalysts were prepared for studying the effect of WO3 amount on catalyst 
performance. Table 12 summarizes the aimed and succeeded WO3 loading amount 
on ZrO2 according to ICP measurements 
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Table 12: Properties of self prepared WO3/ZrO2 catalysts 
Catalyst WO3 amount (aimed) WO3 amount (ICP) 
KAT54 1 wt. % 0,9 wt. % 
KAT55 10 wt. % 7,2 wt. % 
KAT56 50 wt. % 33,0 wt. % 
 
The deviation between the aimed and measured amounts of WO3 rises with 
increasing loading amount. The NH3 TPD measurements of these catalysts show 
similar results as in the previous chapter. 
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Figure 44: NH3 TPD of self prepared WO3/ZrO2 catalysts 
There are two different acidic sites and both of them increase with increasing WO3 
loading. The increase of the strong acidic sites with loading amount is much stronger 
than the weak ones. Especially the catalyst with 33 wt. % loading shows extreme 
high values in terms of strong acidic sites. The screening results of these catalysts 
are given in the following table. 
54 
Results and discussion 
55 
Table 13: The effect of WO3 loading on the conversion and product selectivity. Conditions: 20 
wt. % aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Without oxygen | Particle 
size 0,5-1,0 mm 
Selectivity [%] 
Exp. Cat. WO3 [wt.%] 
Conversion 
[%] Acrolein Acetone Acet-aldehyde Propanal Al. Alc. Acetol Others
AR140 KAT54 0,9 23,9 30,2 0,0 1,4 0,8 2,5 18,2 46,9 
AR139 KAT55 7,2 83,1 78,4 0,0 1,2 1,1 0,9 11,2 7,2 
AR138 KAT56 33,0 45,7 75,2 0,0 0,2 0,4 0,3 8,4 15,5 
Others are acetic acid, propionic acid, acrylic acid, CO, CO2, different acetals, oligomers of 
glycerol as well as unidentified products. 
The results show that, there is an optimal value of WO3 loading in terms of glycerol 
conversion, which should be between 0,9 and 33,0 wt. %. Even though the active 
material is WO3, its excessive usage leads to poor results in terms of conversion. 
This could be due to the high amount of strong acidic sites as well as blocked pores 
of the catalyst with WO3. Acrolein selectivity reaches a maximum value of 78,4 % 
(AR139) at 7,2 wt. % loading (KAT55). Acetol and acetaldehyde selectivities 
decrease with increased loading, thus they have a contrary tendency in comparison 
with acrolein. 
The reason for such high differences between commercial catalysts obtained from 
Daiichi KKK and self made catalysts should be searched in the calcination process. It 
was shown in the last chapter that calcination can lead to immense effects on 
catalyst performance. 
1.2 Heteropolytungstate on zirconia 
Xu et al. reported that the highest acrolein selectivity was achieved by using hetero 
poly acids as doping material on alumina.[75] Here, the heteropolytungstate (P-WO3) 
was applied on zirconia. Three different catalysts with different P-WO3 amounts were 
prepared according to impregnation method and screened. 12-Tungstophosphoric 
acid hydrate (H3O40PW12) was used as P-WO3 source.  
Table 14: Properties of self prepared WO3/ZrO2 catalysts 
Catalyst P-WO3 amount (Aimed) P-WO3 amount (ICP) 
KAT71 1 wt.% 0,94 wt. % 
KAT72 5 wt. % 4,28 wt. % 
KAT73 10 wt. % 8,20 wt.% 
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Table 15 summarizes the screening results, obtained with these catalysts. 
Table 15: The effect of P-WO3 loading on the conversion and product selectivity. Conditions: 20 
wt. % aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Without oxygen | Particle 
size 0,5-1,0 mm 
Selectivity [%] 
Exp. Cat. P-WO3 [wt.%] 
Conversion 
[%] Acrolein Acetone Acet-aldehyde Propanal Al. Alc. Acetol Others
AR170 KAT71 0,94 37,2 20,6 0,2 1,9 0,8 2,0 29,7 44,8 
RS8 KAT72 4,28 62,0 52,2 0,0 3,0 2,2 2,3 14,8 25,5 
RS9 KAT73 8,20 83,0 55,9 0,0 2,0 1,2 0,9 9,0 31,0 
Others are acetic acid, propionic acid, acrylic acid, CO, CO2, different acetals, oligomers of 
glycerol as well as unidentified products. 
Glycerol conversion shows a clear rising trend with increasing P-WO3 amount. While 
acrolein selectivity is enhanced among these experiments, the acetol selectivity 
drops. Compared with pure WO3 doping, P-WO3 shows inferior performance for 
similar loading amounts. 
1.3 Sulfated zirconia 
Another possibility for increasing the acidity of the zirconia material is the addition of 
sulfate ions on it. This is mainly done by the treatment of zirconia with sulfuric acid. 
Five sulfated zirconia catalysts were obtained from Daiichi KKK, Japan. Their 
properties are given in the following table. 
Table 16: Properties of used commercial ZrO2/SO42- catalysts 
Cat. Chemistry 
SO42- 
amount  
[wt. %] 
PSD50 
[µm] 
BET 
surface 
[m²/g] 
Pore maximum 
[Å] 
Mesopore volume 
[m³/g] 
KAT49 ZrO2/SO42- 5,02 23,7 112 68 0,1293 
KAT48 ZrO2/SO42- 5,14 1,3 142 48 0,1394 
KAT50 ZrO2/SO42- 5,21 1,2 141 48 0,1668 
KAT51 ZrO2/SO42- 5,24 1,3 123 56 0,1723 
KAT47 ZrO2/SO42- 12,03 4,0 148 46 0,0467 
 
The first four catalysts have very similar loading amount. The fifth one (KAT47) has 
distinctively higher SO4 amount than the remaining four. The catalysts have high BET 
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areas; all are above 100 m²/g. Figure 45 shows the corresponding NH3 TPD of these 
catalysts. 
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Figure 45: NH3 TPD sulphated zirconia catalysts 
The first four catalysts have very similar amounts of SO42- ; their acidity properties 
are very close to each other on the Y axis, i.e. acidic strength. Nevertheless they 
show the increasing behavior in terms of acidity vs. sulfate amount. Figure 45 
illustrates that increasing sulfate amount leads to higher acidity. Thereby, both, weak 
and strong, acidic sites are enhanced. 
The measurements for all five catalysts with CO2 resulted without any TPD signal, 
concluding, that no basic sites are present. This should be due to the optimal 
dispersion of sulfate ions on the zirconia surface. 
Table 17 summarizes the screening experiments over these sulfated zirconia 
catalysts. 
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Table 17: The effect of SO4 amount on the conversion and product selectivity. Conditions: 20 
wt. % aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Without oxygen | Particle 
size 0,5-1,0 mm.  
Selectivity [%] 
Exp. Cat. 
SO42- 
Amount
[wt. %] 
Conversion 
[%] Acrolein Propanal Acetone Acet-aldehyde Al. Alc. Acetol Others
AR145 KAT49 5,02 47,4 62,7 1,4 0,0 1,2 1,3 15,2 18,2 
AR144 KAT48 5,14 59,0 62,0 0,8 0,0 1,1 1,1 13,6 21,4 
AR146 KAT50 5,21 62,3 58,2 1,6 0,0 1,1 1,4 14,8 22,9 
AR148 KAT51 5,24 63,9 54,5 1,8 0,0 1,4 1,7 14,7 25,9 
AR142 KAT47 12,03 9,6 67,2 0,9 0,0 3,2 1,2 15,4 12,1 
Others are acetic acid, propionic acid, acrylic acid, CO, CO2, different acetals, oligomers of 
glycerol as well as unidentified products. 
Even though the catalysts have slightly different sulfate amounts, the figures show 
clear tendencies. Nevertheless the last sample with 12,03 wt. % SO42- (KAT47) does 
not fit the tendencies. The glycerol conversion increases with increasing sulfate 
amount whereby the acrolein selectivity drops. In none of the experiments acetone 
could be detected. Acetaldehyde and allyl alcohol formation is preferred if the sulfate 
amount is high. Acetol selectivity, (as also in other experiments) develops in the 
opposite direction of acrolein selectivity. 
1.4 A global view on acidity and basicity for zirconia catalysts 
In this chapter the tendencies in the catalytic performance of all catalysts (without 
classification) investigated so far are summarized. The idea is to find general trends 
between physical properties of the catalysts and corresponding catalytic 
performance. A correlation between the NH3 TPD results and selectivities would 
reveal information about the required acidity for the formation of desired and 
undesired products. Figure 46 represents typical ammonia TPD curves for the 
represented zirconia catalysts. 
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Figure 46: A typical NH3 TPD of an acidic catalyst. The dark line represents the measurement. 
The light lines correspond to mathematical fit functions for gathering peak information. 
The acidic / basic properties of the catalysts can be quantified in terms of: 
• Total area (by integration) 
• Area and center point of the first peak (by Gaussian fit function) 
• Area and center point of the second peak (by Gaussian fit function) 
While the peak center implies the strength of corresponding acidity, the peak area 
quantifies its concentration on the solid catalyst. Following steps were taken for 
plotting the relationship between the acidity and product selectivity. For each 
available ammonia TPD, the curve was fitted using Gaussian function. Then the area 
of the first peak, corresponding to the weak acidic sites, was determined by 
integration of the function. The results were put in relation with selectivities achieved 
over the zirconia based catalysts. 
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Figure 47: Weak acidity of zirconia catalysts vs. acrolein selectivity. 
Both axes include certain errors. The selectivity calculation has two GC errors 
(calculation of glycerol conversion and calculation of acrolein selectivity) and 
additional weighing errors. The X axis includes analysis errors in terms of sample 
weighing and TPD measurement. Nevertheless the trend is quite obvious.  
It is very interesting, that the weak acidic sites correlate with acrolein selectivity. It is 
also very important that the trend holds through different catalyst classes, implying 
that the correlation is universal. The asymptotic behavior of the curve fitting based on 
one single measurement, mean that selectivities higher than 85 % are not achievable 
using these catalysts. 
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Figure 48: Weak acidity of zirconia catalysts vs. acetol selectivity. 
Figure 48 shows that acetol selectivity decreases with increasing weak acidity. In 
terms of reaction route, this could mean that acrolein and acetol are competitive 
products.  
Surprisingly, no correlations regarding strong acidity and product selectivities could 
be found. It can be concluded that, the existence of weak acidic sites are preferred 
for the formation of acrolein. This represents a contradiction to previous works, where 
strong acidity is anticipated to be responsible for high acrolein selectivities.[65] 
The transition state leading to acrolein is more stable than the one leading to acetol. 
Because of that, it only makes sense that the weak sites are responsible for the 
formation acrolein, since unstable transition states are supported by stronger acidic 
sites (for more information, see p. 72). 
Table 18 summarizes the main differences between tungstated (as shipped and after 
calcination) as well as sulfated zirconia catalysts in terms of physical properties and 
their corresponding performance for the dehydration reaction of glycerol.
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Table 18: Physical and selective differences between tungstated and sulphated zirconia and 
the resulting catalytic performance. 
Property WO3/ZrO2 
(as shipped) 
WO3/ZrO2 
 (calcined)  
ZrO2/SO42- 
(as shipped) 
BET surface 
[m²/g] 
105-188 48-59 112-148 
Pore width [A] 43-63 77-107 46-67 
Mesopore 
volume [m³/g] 
0,12-0,19 N/A 0,12-0,17 
Acidity Tungstated catalysts 
are bifunctional, acidic 
and basic. In addition, 
they have two acidic 
centers and the total 
acidity becomes very 
high even with small 
amounts of WO3 
loading. Both acidic 
sites have a maximum 
at 9 wt. % WO3 
 
The calcined 
WO3/ZrO2 catalysts 
are monofunctional, 
only acidic. The 
strength of the 
acidity is distributed 
evenly.  
 
Sulfated catalysts are 
monofunctional; they 
are only acidic. The 
samples, which were 
tested were mostly 
less acidic than 
tungstated ones. The 
highest acidity was 
reached with 12 wt. % 
sulfate doping. 
 
Basicity Tungstated catalysts 
have two basic sites. 
Both have a maximum 
at 9 wt. % WO3 
loading. 
Calcination process 
eliminates the basic 
sites completely. 
Sulfated catalysts do 
not have any basic 
sites. 
Performance    
Glycerol 
conversion 
37 – 60 % 47 – 96 % 47 - 63 except one 
 9,6 % 
Acrolein 
selectivity 
11 – 55 % 62 – 72 % 54 – 67 % 
Acetol 
selectivity 
20 – 41 % 9 – 16 % 13 – 15 % 
Allyl alcohol 
selectivity 
2,0 - 4,5 % 0 – 0,1 % 1,1 - 1,7 % 
Acetone 
selectivity 
0 – 0,8 % 0 – 0,3 % 0 %  
Propanal 
selectivity 
1,0 – 1,8 % 0,8 – 1,4 % 0,8 – 0,9 % 
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1.5 Cerium oxide on zirconia 
One sample of CeO2/ZrO2, with 25,75 wt. % CeO2 loading was supplied by Daiichi 
KKK, Japan. Table 19 summarizes the physical properties of this catalyst. 
Table 19: Properties of CeO2/ZrO2 catalyst 
Cat. CeO2 amount [%] 
PSD50 
[µm] 
BET surface 
[m²/g] 
Pore maximum 
[Å] 
Mesopore volume 
[m³/g] 
KAT46 25,75 3,4 59 120 0,2075 
 
This catalyst has relatively big pores and thus small BET surface area. The TPD 
measurements reveal that the catalyst has both acidic and basic properties. 
0
100
200
300
400
500
600
0 100 200 300 400 500 600
Temperature [° C]
TP
D
 S
ig
na
l [
m
V
/g
]
 
Figure 49: NH3 TPD of CeO2/ZrO2 catalyst (KAT46) 
The position of the peak reveals the strength of the site; the further right it is, the 
higher is its strength. The peak height on the other hand, corresponds to the 
concentration of the particular site.  
The acidity of the catalyst is significant but low. The peak shape shows one weak 
acidic site with a centre at 220° C and a strong acidic site which is difficult to 
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distinguish. On the other hand the catalyst has high number of basic sites but with 
low basicity strengths as presented in figure 50. 
0
100
200
300
400
500
600
0 100 200 300 400 500 600
Temperature [° C]
TP
D
 S
ig
na
l [
m
V/
g]
 
Figure 50: CO2 TPD of CeO2/ZrO2 catalyst (KAT46) 
Table 20: Screening results of CeO2/ZrO2 catalyst. Conditions: 20 wt. % aq. glycerol solution | 
Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Without oxygen | Particle size 0,5-1,0 mm 
Selectivity [%] 
Exp. Cat. 
CeO2 
Amount 
[wt. %] 
Conversion 
[%] Acrolein Propanal Acetone Acet-aldehyde Al. Alc. Acetol Others
AR150 KAT46 25,75 18,7 0,0 0,2 0,3 2,8 0,3 39,4 38,3 
Others are acetic acid, propionic acid, acrylic acid, CO, CO2, different acetals, oligomers of 
glycerol as well as unidentified products. 
This catalyst has shown quite low performance. No acrolein was formed. The 
conversion dropped very fast to below 20 %. Acetol selectivity was on the other hand 
around 40 %, which again underlines the relationship between catalytic basicity and 
the acetol selectivity. This catalyst shows that acidic sites on the catalyst are 
essential for the formation of acrolein. 
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1.6 Reaction route studies with tungstated zirconia catalysts 
The route of the dehydration reaction of glycerol to acrolein and to other products has 
been studied in the literature. A clear pathway does not exist. One of the most 
interesting studies has been done by Nimlos et al, which is a theoretical study based 
on quantum mechanical calculations.[81] At 1000° C Paine et al. proposed 
fragmentation mechanisms during the pyrolysis of glycerol including cyclic Grob 
fragmentation and sequel fragmentation as proposed by Nimlos et al.[82] Ionic and 
radical pathways were presented by Bühler et al. regarding decomposition reactions 
of glycerol in temperature range of 350° - 475° at pressures 25 to 45 MPa in near- 
and supercritical water.[83] The proposed reaction routes in the literature are based 
on assumptions or theoretical calculations. The empiric ones are valid for super 
critical media or they apply for pyrolytic circumstances which represent much 
different conditions than the conditions of the present work. 
Subject of this chapter is the studies, which were undertaken for the sake of clarity in 
the reaction route. The experiments were conducted using WO3/ZrO2 catalyst 
(KAT29) and under the conditions, in which the screening experiments were normally 
done. The studies can be subsidized as follows: 
• Statistical studies: So far, several screening reactions have been presented. 
The statistical consideration of results of these reactions could give some hints 
about the route. 
• Products applied as main reactants: In this study, the aqueous solutions of the 
products (products of the glycerol dehydration reaction) were applied as 
reactants. This study should lead to an understanding, concerning which 
products are formed from the reactants. 
• Miscellaneous studies: Several small experiments for proving or disproving the 
hypothesis gathered from the studies above were conducted. 
1.6.1 Statistical studies 
A data base consisting of the experimental results which were obtained over any 
zirconia based catalyst was used. The screening results show a broad spectrum of 
selectivity figures depending on their performance. However, independent from the 
Results and discussion 
used catalyst class, it has been noticed that, the increased formation of certain 
products is accompanied with simultaneous increase of other ones (positive 
correlation). On the other hand, some products are formed more in the absence of 
other certain products (negative correlation). The correlations in the “big picture”, 
which was made of 175 single GC measurements collected from all screening results 
so far, would involve valuable hints regarding the reaction pathway.  
Statistical correlation method was applied on the mentioned screening database. 
Correlation, which is explained schematically in figure 51, is a statistical term, which 
can take values between -1 and +1. A correlation value of 0 means an absolute lack 
of dependency between the two compared set of figures. +1 and -1 mean total linear 
dependency of them, while the algebraic prefix shows the direction of dependency.  
 
Figure 51: Correlation diagrams of arbitrary numbers for visualization of correlation. The 
number denotes the correlation factor. 
 
Table 21 summarizes the calculated correlation values obtained by the experiments, 
presented in the last main chapter (catalyst screening): 
Table 21: Correlation values between the products of glycerol dehydration obtained over 
zirconia based catalysts. 
 Acetaldehyde Propanal Acetone Acrolein
Allylic 
alcohol Acetol 
Acetaldehyde  0,67 -0,16 -0,53 0,05 0,67 
Propanal 0,67  -0,21 -0,15 -0,03 0,38 
Acetone -0,16 -0,21  -0,25 0,33 -0,16 
Acrolein -0,53 -0,15 -0,25  -0,32 -0,48 
Allylic alcohol 0,05 -0,03 0,33 -0,32  0,09 
Acetol 0,67 0,38 -0,16 -0,48 0,09  
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Some factors are significantly different than zero. A negative factor means that the 
formation of the product i is occurring in account of the product j. The most obvious 
factors (> 0,4) are highlighted.  
Plotting the selectivities of highly correlated products; acrolein and acetol leads to 
figure 52, indicating that acetol and acrolein are competitive products. On the other 
hand, the absence of any point above the function x+y=1 is an indication for the 
correctness of the analytical system. 
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Figure 52: S Acetol vs. S Acrolein and the function of x+y=1 
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Figure 53 shows that the acetaldehyde selectivity is obviously increasing with an 
increase of the propanal selectivity. This could mean that their formation requires 
similar catalytical properties and/or one of them is a precursor for the other one. This 
also could imply that these are consecutive products. 
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Figure 53: S Propanal vs. S Acetaldehyde 
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The negative correlation between acrolein and acetaldehyde is presented in Figure 
54.  
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Figure 54: S Acrolein vs. S Acetaldhyde 
The decline of acrolein selectivity with increasing acetaldehyde selectivity could 
mean that acetaldehyde and acrolein are competitive products. For a better 
understanding of the reaction route, the experiments presented in the following 
chapter were conducted. 
1.6.2 Products applied as main reactants 
In this sub-chapter, the reaction results are presented in which the products of a 
“normal” glycerol dehydration reaction were applied as reactants. In other words, 
aqueous solutions of propanal, acetone, acetaldehyde, allylic alcohol, acrolein and 
acetol were been fed to the reactor. The idea behind this investigation is to 
understand how these chemicals react and to gather more information for 
understanding the reaction route of the dehydration of glycerol. Each reaction was 
conducted twice, once in the absence and once in the presence of oxygen. 
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Respecting the explosion borders, the concentrations of the initial solutions were 
altered. The reaction parameters are given in the following table. 
Table 22: Reaction parameters for “chemical+water” reactions 
Catalyst: 19 wt. % WO3/ZrO2 St. Gobain/Norpro (KAT29) 
Catalyst volume: 4,5 ml 
Catalyst weight: 5,0 g 
Catalyst particle size: 0,2-0,5 mm 
Reaction temperature: 280 °C  
Reactant feed rate: 20 g/h 
Oxygen flow: 0 or 2,8 mln/min 
 
Glycerol concentration: 20 wt. % 
Propanal concentration: 10 wt. % 
Aceton concentration: 10 wt. % 
Acetaldehyde concentration: 5 wt. % 
Ally alcohol concentration: 10 wt. % 
Acrolein concentration: 10 wt. % 
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Table 23: Results of the reactions “chemical+water” (without oxygen). 
Selectivity [%] 
Reactant Exp.
X 
[%] Acetaldehyde Propanal Acetone Acrolein Allyl alcohol Acetol
Acetic 
acid 
Propionic 
acid 
Acrylic 
acid Glycerol Unknown 
Glycerol LS1 88,1 1,2 0,8 0,3 72,0 0,6 10,6 1,9 0,8 0,3 --- 11,50 
Propanal LS7 50,0 0,2 --- 0,0 27,0 0,0 0,0 0,0 4,0 0 0,0 68,80 
Acetone LS13 9,9 0,0 0,1 --- 0,0 0,0 0,0 91,3 0,0 0,0 0,0 8,60 
Acetaldehyde LS18 41,7 --- 0,0 3,5 0,0 0,0 0,0 1,8 0,0 0,0 0,0 94,70 
Allyl alcohol LS23 91,7 0,3 35,1 0,0 41,3 --- 0,0 0,2 0,3 0,4 0,6 21,80 
Acrolein LS28 33,8 1,2 1,2 2,0 --- 0,0 0,1 2,4 0,3 1,8 1,6 89,40 
Acetol LS33 47,2 3,4 0,4 5,7 17,0 0,1 --- 19,9 8,5 1,4 0,0 43,60 
 
Table 24: Results of the reactions “chemical+water” (with oxygen). 
Selectivity [%] 
Reactant Exp.
X 
[%] Acetaldehyde Propanal Acetone Acrolein Allyl alcohol Acetol
Acetic 
acid 
Propionic 
acid 
Acrylic 
acid Glycerol Unknown 
Glycerol LS39 97,9 1,7 0,8 0,1 72,4 0,4 8,6 1,7 0,7 0,1 --- 13,50 
Propanal LS49 27,9 0,4 --- 0,1 7,5 0,0 0,5 0,0 2,2 0,1 0,0 89,20 
Acetone LS44 14,4 1,4 0,2 --- 0,0 0,0 0,0 0,0 0,0 0,0 0,0 99,80 
Acetaldehyde LS67 12,4 --- 0,0 0,0 0,0 12,9 0,0 3,3 0,0 0,1 0,4 83,30 
Allyl alcohol LS61 99,4 0,4 35,9 0,0 37,2 --- 0,0 0,1 0,0 0,1 0,0 26,30 
Acrolein LS55 24,7 1,5 0,3 0,1 --- 0,1 2,3 0,4 0,1 1,5 0,0 93,70 
Acetol LS73 71,2 9,2 0,2 3,6 1,3 1,0 --- 14,6 5,9 1,5 0,0 62,70 
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1.6.3 Summary: The reaction route of glycerol dehydration 
Connecting the results obtained in the experiments presented before with literature 
enabled the proposal of a reaction route. According to Nimlos et al, when glycerol is 
heated up and the catalytic conditions are given, there are three ways for 
dehydration: [81] 
1. 1-2 dehydration with a central –OH group, yielding to acrolein via 1-3-
dihydroxypropene. 
2. 1-2 dehydration with a terminal –OH group, yielding to acetol via 2-3-
dihydroxypropene. 
3. 1-3 dehydration yielding to formaldehyde and to acetaldehyde via vinyl 
alcohol. 
All these three pathways are most probably happening simultaneously, since their 
activation energies (without the existence of a catalyst) are quite close (70,9 kCal/mol 
for 1, 73,2 kCal/mol for 2 and 65,2 kCal/mol for 3).[81] 
Starting from these three reactions and their products, other observed products of a 
common glycerol dehydration reaction can be explained by; 
1. The existence of small amounts of oxygen lead to acids and alydehydes 
initiated by alcohols 
2. Formaldehyde is very unstable at these temperatures, yielding CO and H2 
3. Hydrogen existence could explain the formation of saturated products like 
propanal from acrolein. 
The role of oxygen can be explained in two means: 
1. The destruction of hydrogen by its oxidation. 
2. The inhibition of catalytic sites by oxygen coordination with wolfram species. 
Considering these results, figure 55 illustrates the proposed formation route of 
different products obtained from the dehydration of glycerol over WO3/ZrO2 catalysts. 
This route is in good agreement with the theoretical calculations done by Nimlos et 
al.[81] 
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Figure 55: Reaction pathway for the dehydration of glycerol and observed by products 
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Glycerol can undergo a 1-2 or a 1-3 dehydration. The 1-2 dehydration can start with 
the protonation of a primary or the secondary hydroxyl group. 
The instable transition state occurring during the reaction 1 yielding hydroxy 
propanone (acetol) would be stabilized by its conjugated weak basic sites. This would 
explain the formation of hydroxy propanone in the presence of weak basic sites, 
detected by CO2-TPD. Further elimination of water from acetol would lead to a 
thermodynamically unstable product. The only possible reaction for acetol would be 
its hydration back to glycerol. The impossibility of further reactions makes acetol a 
major by-product of the dehydration reaction of glycerol. 
The 1-3 dehydration of glycerol would destruct its carbon backbone and yield to vinyl 
alcohol and formaldehyde. Vinyl alcohol would tautomerize and react to 
acetaldehyde, which can be oxidized to acetic acid. The detection of both 
acetaldehyde and acetic acid support this hypothesis. 
It is known that formaldehyde is unstable at higher temperatures, and decomposes to 
molecular hydrogen and carbon monoxide.[84] The formed hydrogen can be 
responsible for the formation of reduction products. 
The pathway for the formation of acrolein runs through the protonation of a 
secondary -OH group. The relatively stable transition state leads to hydroxy propanal, 
which can undergo a second dehydration yielding the desired acrolein. Aldol and 
retro aldol condensation reactions between acetaldehyde, formaldehyde and acrolein 
are also considerable. The formation of acids can be explained by simple oxidation 
reactions of corresponding aldehydes. 
1.6.4 Formation of propionaldehyde 
The proof of this proposal would be the reaction of acrolein and formaldehyde 
resulting in higher propanal formation. 
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Figure 56: Products of the reaction of acrolein with formaldehyde in comparison with acrolein 
reaction solely. Two experiments with different acrolein/formaldehyde ratios (in wt. %) were 
tried. Catalyst: KAT29. Experiment numbers: LS28, AR162, AR163. Conditions: Feed 23 g/h | 
without oxygen | Particle size 0,5-1,0 mm 
 
The increasing propanal selectivity with the existence of formaldehyde supports the 
proposed mechanism. On the other hand, the propanal selectivity is not as high as 
desired. Probably it is due to the degradation of formaldehyde in the original 
container already before the reaction.†† 
The formation of propanal from acrolein with hydrogen, which is originated from 
formaldehyde degradation, also explains the positive correlation between 
acetaldehyde and formaldehyde selectivities (Figure 53 on page 68). 
                                            
†† Formaldehyde is known to be extremely unstable; yielding paraformaldehyde and formaldehyde 
cannot be detected with a GC using flame ionisation detectors. 
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S. Sabater made an optimization study using WO3/ZrO2 catalysts for the dehydration 
reaction of glycerol.[85] Upon 28 experiments conducted with various parameters, he 
found dependencies within the product selectivities and the parameters. One of the 
dependencies was the negative tendency between oxygen flow rate and propanal 
selectivity. 
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Figure 57: The correlation between oxygen flow, propanal selectivity and temperature using 
WO3/ZrO2 (KAT21) catalysts for the dehydration of glycerol. [85] 
The low propanal selectivity at high oxygen amounts show that the formed hydrogen 
from formaldehyde degradation reacts directly to water before conducting any 
hydrogenation on acrolein. This is more obvious at higher temperatures. 
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The need of both acrolein and hydrogen for the formation of propanal also explains 
the low propanal selectivity figures during the reactions of single chemicals. 
Apparently the actual catalysts are simply inferior hydrogenation catalysts. 
1.6.5 Formation of acetaldehyde 
The 1-3 dehydration of glycerol is quite possible according to Nimlos et al.[81] The 
transition state is a pericyclic species. Its activation energy without any catalyst is 
lower than both other 1-2 dehydration steps. The stability of the transition state can 
be even increased under the consideration of the catalyst surface. 
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Figure 58: Stabilization of the pericyclic transition state on the metal oxide surface. 
The decomposition of this transition state yields formaldehyde and vinly alcohol 
under water elimination. The vinly alcohol forms acetaldehyde via keto-enol 
tautomerization.  
 
Figure 59: Reaction scheme for the formation of hydrogen, acetaldehyde and hydrogen 
The formation of acetaldehyde with this mechanism explains on one hand the 
hydrogen formation via formaldehyde, and on the other hand the possibility of 
reduction reactions. Also the positive correlation between the reduction reactions and 
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acetaldehyde is with this scheme plausible. The formation of CO and possibly CO2 
could be the explanation of low mass loss (formation of water) but also low C-balance 
(formation of CO and CO2). 
1.6.6 The formation of acetol 
The protonation of glycerol can take place with a central or a terminal hydroxyl group. 
The central protonation yields acrolein, and the terminal protonation yields acetol. 
The terminal protonation has a transition state which is less stable. This phenomenon 
is the key factor for the high acrolein output. Any stabilization of the acetol-yielding, 
terminal-protonated transition state facilitates the acetol formation. As presented in 
the figure 58, the metal oxide surface could stabilize the acetol yielding transition 
state. On the other hand, oxygen can also occupy the vacant orbitals of the metal. 
This would reduce the probability of acetol formation. 
The acetol formation can be also seen as acidic catalyzed pinacol rearrangement, 
since glycerol is a vic-triol per se. 
1.6.7 Formation of other products 
Formation of acids can be explained by simple oxidation reactions. The existence of 
hydrogen would suppress the oxidation, or even induce their reversal. 
Formation of acrolein from acetaldehyde and formaldehyde could happen via aldol 
condensation. Its reversibility, which is called retro-aldol condensation, can be 
considered as well. 
The existence of aldol condensation reactions on gas phase on acidic catalysts are 
mentioned in the literature.[86,87] Another explanation for the formation of the carbonyl 
containing side products could be done with the Oppenauer oxidation and its reverse 
reaction Meerwein-Pondorf-Verley reduction. The exchange of the alcohol groups 
with carbonyl groups could happen alternatively during the reaction.[88] 
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2 Titania based catalysts 
In the previous chapter the development of WO3/ZrO2 has been presented. Even 
though the obtained results with this catalytic system are outstandingly good, there 
are some major drawbacks of it. The high price of zirconia, the existence of basic 
sites‡‡ and consequently the formation of side products represent its main 
disadvantages. These points increased the necessity to develop a new catalytic 
system. 
There were three reasons for choosing zirconia as a carrier in the first place; the 
neutrality of zirconia (which came out to be quite questionable), its stability at high 
temperatures as well as the possibility of maintaining high surface area. 
Titanium, on the other hand, is direct neighbor of zirconium in the periodic table of 
elements in the same group, thus similar chemical and physical properties are 
anticipated. Moreover, titania is comparatively low priced, widely available and a 
relatively neutral material with variety of know-how about it. Several titania sorts with 
high surface area values are available in the market. 
Comparing the surface basicity of titania (Hombikat Typ II, KAT83) with zirconia 
(DMS2007-0012, KAT30), as shown in figure 60, reveals that titania is more 
advantageous due to its low basicity. Nevertheless, it is not entirely neutral and 
shows low amounts of weak basic sites. 
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Figure 60: CO2 TPD of zirconia (KAT30) and titania (KAT83). 
                                            
‡‡ If produced from Zr(OH)2 
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The subject of this chapter is the development of such catalysts, which have titania 
as carrier. During the catalyst development, the following parameters were studied. 
• Type of the titania carrier 
• Influence of WO3 amount on the carrier 
• Influence of oxygen co-flow 
• Influence of calcination temperature 
• Influence of a second metal oxide loading in addition to WO3 
The catalysts were produced according to the impregnation method as described in 
the experimental section (p. 105). The unloaded titania carriers, on the other hand, 
were applied without prior modification apart from particle formation by means of 
pressing, crushing and sieving for particle size fragmentation. 
2.1 Titania carriers without loading 
Four different titania carriers without any prior modification were screened for the 
dehydration reaction of glycerol. Titania can be produced with two different industrial 
methods; the chloride process or the sulfate process. The main difference is the 
formation of precursor titanium compounds within the process, which are oxidized to 
TiO2. TiCl4 is produced in the chloride process and titanyl sulfate, TiOSO4, is formed 
in the sulfate process. Depending on the process selection and its parameters, the 
produced titania gets different properties as pore size, BET surface area but also 
sulfate amount.[60] While titania, which is produced with chloride process does not 
have sulfate ions, the production with sulfate process yields to remarkable amounts 
of sulfate ions in the final product. The used titanium oxide and their physical 
properties are listed in table 25. 
Table 25: Used titania carriers and their physical properties. 
Cat. Name SO42- [%] BET [m²/g] Pore size [Å] 
KAT113 TiO2-P25 0 55 157 
KAT119 Hombifine N 0,5 363 57 
KAT114 UV 100 0,5 321 59 
KAT83 Hombikat Typ II 1,5 107 127 
The fumed TiO2-P25 is produced according to chloride process by burning TiCl4 and 
thus does not have any detectable sulfate ions and also the available surface area is 
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relatively low. The other three titania carriers are produced via sulfate process and 
their surface areas are higher. Especially Hombifine N and UV 100 have significantly 
high surface areas. The correlation between the BET surface area and the pore size 
is logical; while the small pores lead to a high surface area, the existence of big pores 
end with low surface area. 
Application of these carriers without any modification i.e. loading led to the following 
results for the dehydration of glycerol. 
For each experiment 4,5 ml of the catalyst, corresponding roughly to 5,0 g, were 
placed into the reactor which was then heated to 280° C. A 20 wt. % aqueous 
glycerol solution was used as reactant and was fed into the reactor at a rate of 23 g/h 
together with 11,33 mln/min oxygen, giving a WHSV of 0,92 h-1 and a residence time 
of 0,324 s.  
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Figure 61: Product selectivities and glycerol conversion obtained over different titania carriers 
as catalysts. Catalysts KAT113, KAT119, KAT114, KAT83. Experiment numbers: LT35, LT41, 
LT36, RS7. Conditions: 20 wt. % aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | 
Oxygen: 11,33 mln/min | Particle size 0,5-1,0 mm. Others are CO, CO2, different acetals, 
oligomers of glycerol as well as unidentified products.  
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All un-loaded titania carriers showed only a relatively poor performance in terms of 
glycerol conversion and acrolein selectivity, which varied between 12 and 17 %. 
Glycerol conversion was between 46 and 77 %. The sulfate amount of the catalyst 
and also the BET surface area seem to have a positive effect on the performance. 
Very interesting difference between Hombifine N and UV100 is the acetol (hydroxy 
propanone) selectivity. These both carriers have very similar properties but while 
Hombifine N leads to practically no acetol, UV 100 shows an acetol selectivity of 
46 %. Apparently there are other important physical factors, as traces of different 
ions, affecting the basicity thus acetol selectivity, which should be a subject of a 
future investigation. The difference in the iron content is suspected to be responsible 
for this result, since iron (III) oxide can lead to basicity on the catalyst.[89] Effects of 
the iron (III) content are discussed on page 132. 
2.2 Influence of WO3 amount on Hombikat Typ II based catalysts 
The loading of titania (Hombikat Typ II, KAT83) with tungsten oxide is supposed to 
increase the acidity and thus the acrolein selectivity.[90] For studying the effect of 
tungsten oxide amount on the titania catalyst, six WO3/TiO2 catalysts were prepared, 
characterized and screened for the dehydration reaction of glycerol. Table 26 
summarizes the prepared catalysts in terms of aimed and measured WO3 amounts. 
Table 26: Properties of self prepared WO3/TiO2 catalysts 
Catalyst WO3 amount (Aimed) WO3 amount (ICP) 
KAT83 Pure TiO2 (Hombikat Typ II) 
KAT65 1 1,1 
KAT66 5 4,8 
KAT67 10 7,9 
KAT98 15 13,9 
KAT99 20 18,9 
KAT74 30 27,6 
 
The acidity and basicity of the catalysts were measured with NH3 and CO2 TPD, 
which are shown in the figures 62 and 63. 
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Figure 62: NH3 TPD of WO3/TiO2 catalysts with different WO3 amounts. 
Catalysts: KAT83, KAT65, KAT66, KAT67, KAT74  
Unloaded titania has acidity by default, as shown with the first curve, labeled as 0,0. 
The addition of WO3 decreases the number of acidic sites to a moderate level but on 
the other hand there is no significant correlation between the added WO3 amount and 
the resulting catalytic acidity. The number of acidic sites decreased after loading but 
their strength stay remained. It is plausible, that the available surface area drops 
during the loading procedure, especially due to the calcination process. Since the 
adsorption and desorption phenomena during the TPD measurements take place on 
the surface, the available surface area should play a role in the resulting measured 
number of acidic sites. Upon loading, both weak and strong acidic sites are 
maintained. 
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Figure 63: CO2 TPD of WO3/TiO2 catalysts with different WO3 amounts. 
Catalysts: KAT65, KAT66, KAT67 
On the other hand, the measured catalysts show practically no basicity. Not only the 
basic sites are apparently eliminated by calcination during the catalyst preparation, 
but also the original titania material itself has less basic sites. This is a major 
difference to the zirconia based catalysts.[91,92] The absence of basic sites is an 
advantage since their existence is known to promote acetol formation as discussed 
on page 50. 
Figure 64 summarizes the screening results obtained with these catalysts.  
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Figure 64: Effect of WO3 amount supported on titania (Hombikat Typ II) on product selectivities 
and glycerol conversion. Catalysts: KAT119, KAT65, KAT66, KAT67, KAT98, KAT99, KAT74. 
Experiment numbers: LT41, AR166, RS4, AR167, LT15, LT16, AR169. Conditions: 20 wt. % aq. 
glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Oxygen: 11,33 mln/min | Particle 
size 0,5-1,0 mm. Others are CO, CO2, different acetals, oligomers of glycerol as well as 
unidentified products.  
Surprisingly high acrolein selectivities were observed in the presence of these 
catalysts. With increasing WO3 amounts, the selectivity of acrolein reached up to 
75 %, as an average value of 7 samples taken. Among these samples, selectivities of 
85 % were observed as well, but that value dropped over the time on stream. The 
presented values in the diagrams represent mean values of these samples. 
The selectivity of acrolein shows an asymptotic behaviour as a function of WO3 
amount. 13,9 wt. % was the optimal WO3 amount under consideration of the chosen 
reaction parameters. The selectivity of acetol decreases with increasing WO3 
amount. The same tendency can be observed for other side products too. 
The amount of WO3 influences the conversion positively as well. The glycerol 
conversion is also easily controllable by residence time. The conversions below 
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100 % were provoked on intention, so that the comparison of different catalyst activity 
in terms of conversion is made to be possible. 
2.3 Influence of temperature over 17,8 wt. % WO3/TiO2 (Hombifine N) 
The temperature is an important parameter for the dehydration of glycerol in terms of 
selectivity and conversion as already mentioned for zirconia based catalysts (see 
page 39). For studying this parameter a 17,8 wt. % WO3/TiO2 catalyst was prepared 
(KAT89) and screened at different temperatures. Due to the knowledge that below 
260 °C the reactor gets stuck with heavy products, the lower limit for the experiments 
was set so. On the other hand, the formation of deep oxidized products as carbon 
monoxide and dioxide are enabled at temperatures higher than 320° C thus it was 
selected as upper limit. Due to the high oxidation potential at elevated temperatures, 
the experiments were conducted in the absence of oxygen in contrast to the 
experiments in chapter 2.2. All other parameters were kept as usual. Figure 65 
summarizes the obtained results. 
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Figure 65: Effect of the reaction temperature on product selectivities and glycerol conversion 
using 17,8 wt. % WO3/TiO2 (Hombifine N) catalyst. Catalyst: KAT89. Experiment numbers: LT27, 
LT24, LT25, LT24/2, LT25/2. Conditions: 20 wt. % aq. glycerol solution | Feed 23 g/h | Cat. bed 
4,5 ml | T 280° C | Without oxygen | Particle size 0,5-1,0 mm. Others are CO, CO2, different 
acetals, oligomers of glycerol as well as unidentified products.  
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The increasing temperature has a positive effect on the conversion. However, 280° C 
seems to be the optimal reaction temperature with regards to acrolein selectivity. At 
lower temperatures the intermolecular dehydration, yielding oligomers of glycerol are 
thermodynamically favored over the desired intramolecular dehydration forming 
acrolein. At temperatures higher than 280° C, the formation of CO and CO2 is 
possible. These two reasons should be responsible for the selectivity decrease of 
acrolein. That is also supported by the fact, that the untrapped product mass 
increased with rising temperatures, from 0.1 wt. % at 260° C to 2.0 wt. % at 340° C. 
In addition to that, the formation of the side products acetaldehyde, acetone and 
propanal are enhanced by increasing reaction temperature, while acetol and acids 
are formed to less extent. 
2.4 Variation of titania carriers and influence of oxygen 
After studying the tungsten oxide amount as well as reaction temperature, a 
comparison of different carriers was investigated. Using the four different titania 
materials, catalysts with a theoretical amount of 20 wt. % tungsten oxide were 
prepared, and the real amount was measured using ICP. The prepared catalysts 
were screened at 280° C both in absence and presence of oxygen co-flow. The 
loading amount of the catalysts and the corresponding screening results are 
presented in table 27. 
Table 27: The effect of oxygen and carrier type on product selectivity and conversion. 
Conditions: 20 wt.% aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Particle size 
0,5-1,0 mm. 
 
WO3 
amount 
Oxygen 
flow Selectivity [%] Exp. Cat. TiO2 Type 
[wt. %] [mln/min] 
Conversion 
[%] Acrolein Acet aldehyde Propanal Acetol Others 
LT23 KAT107 P25 18,6 0 78,6 73,7 0,4 0,7 6,4 18,8 
LT4 KAT107 P25 18,6 11,33 90,0 71,4 1,4 0,5 1,3 25,4 
LT24 KAT89 Hombifine N 17,8 0 76,0 73,8 0,7 1,0 10,1 14,4 
LT3 KAT89 Hombifine N 17,8 11,33 94,6 65,7 1,8 0,4 1,3 30,8 
LT29 KAT109 UV 100 18,1 0 88,9 73,5 0,3 0,6 8,5 17,1 
LT45 KAT109 UV 100 18,1 11,33 94,8 65,6 2,1 0,3 1,5 30,5 
LT42 KAT99 Hombikat Typ II 18,9 0 85,7 76,5 0,5 0,9 11,0 11,1 
LT42/2 KAT99 Hombikat Typ II 18,9 11,33 90,9 67,7 1,6 0,4 2,1 28,2 
Others are acetic acid, propionic acid, acrylic acid, acetone, CO, CO2, different acetals, 
oligomers of glycerol as well as unidentified compounds. 
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Figure 66 enables a better overview of the screening results. 
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Figure 66: The effect of oxygen on product selectivity and conversion over 17.5 to 18.9 wt.% 
WO3/TiO2 catalysts, using four different titania sources. Catalysts: KAT107, KAT89, KAT109, 
KAT99. Experiment numbers: LT23, LT4, LT24, LT3, LT29, LT45, LT42, LT42/2. Conditions: 20 
wt. % aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Oxygen: 0 or 11,33 
mln/min | Particle size 0,5-1,0 mm. Others are CO, CO2, different acetals, oligomers of glycerol 
as well as unidentified compounds. 
The results of this study can be discussed in two ways; the effect of oxygen co-flow 
and the effect of the carrier. By comparing the columns beneath each other, it is 
obvious that the use of oxygen leveraged the glycerol conversion for all four catalysts 
between 5 and 18 %. The acrolein selectivity, on the other hand, decreased in case 
of oxygen presence. Propanal is a strongly undesired compound due to separation 
problems in the post processing for acrolein purification. Therefore it is important that 
its selectivity decreases with oxygen presence. The major effect of oxygen presence 
indeed is in the formation of acetol. Its selectivity is significantly suppressed. 
Regardless which carrier is used, the acrolein selectivity is quite high. These results 
underline the suitability of WO3/TiO2 catalysts for the presented reaction 
As already mentioned, the catalysts have different sulfate amounts as well as surface 
areas. Two properties of the titania carriers –sulfate amount and surface area- were 
also found to be decisive for the catalytic performance. Higher sulfate concentration 
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on the titania carrier increased the acrolein selectivity to a certain but not very strong 
extent. A correlation between the acidic sulfate ions and increased product selectivity 
was discovered previously for the oxidation reaction of β-picoline to nicotinic 
acid.[93,94] Analogous to the mentioned work, high surface area led to higher glycerol 
conversion. The results regarding these correlations are re-presented in the table 28 
as well as in figures 67 and 68. 
Table 28: The correlation between the physical properties of titania carriers and catalytic 
performance in terms of acrolein selectivity and glycerol conversion. Conditions: 20 wt.% aq. 
glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Without oxygen | Particle size 0,5-
1,0 mm.  
Cat. Exp. Titania type SO4
2- 
[wt. %] 
BET 
[m²/g] 
Pore 
size [Å] 
WO3 
[wt. %] 
Glycerol  
conversion 
[%] 
Acrolein 
selectivity 
[%] 
KAT107 LT23 P25 0 55 157 18,6 78,6 73,7 
KAT89 LT24 Hombifine N 0,5 363 57 17,8 76,0 73,8 
KAT109 LT29 UV 100 0,5 321 59 18,1 88,9 73,5 
KAT99 LT42 Hombikat Typ II 1,5 107 127 18,9 85,7 76,5 
 
Eventhough, the correlation between high surface area and high conversion can be 
observed within the screened catalysts, the results obtained with Hombifine N do not 
fit this trend. The small pores of this catalyst could be held responsible for low 
conversion. However, UV 100 shows the highest conversion, which has a similar 
structure. This observation can be quite questionable in the first place, since both 
Hombifine N and UV 100 carriers have very similar BET surface area, sulfate amount 
as well as pore size. Thus the reason for this difference should be searched 
elsewhere. 
Lindner  and Voelker  have cited that these two materials have different iron (III) 
contents.[95,96] While UV 100 has an iron content of 2400 mg/kg Hombifine N has 
only 100 mg/kg. The source of iron should be the ilmetit ore (FeTiO3), from which 
TiO2 is produced. It can be considered that the co-existence of iron ions increases 
the catalytic performance for this specific reaction. The assumed positive effect of 
iron (III) ions was assessed and acknowledged experimentally. These results are 
presented in the chapter 2.8 (p.96) in which multi-component catalysts are discussed. 
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Figure 67: Correlation between the sulfate amount of the used titania carrier and acrolein 
selectivity for the dehydration of glycerol at 280° C using WO3/TiO2 catalysts in the absence of 
oxygen. For experimental details please refer to: Table 27, p.87 
The existence of sulfate ions increased slightly the acrolein selectivity. The reason for 
this slight amelioration should be due to the acidity increase among this series of 
catalysts. 
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Figure 68: Correlation between the BET surface area of the used titania carrier and conversion 
at 280° C using WO3/TiO2 catalysts in the absence of oxygen. For experimental details please 
refer to: Table 27, p.87 
Higher glycerol conversion figures were obtained with the carriers, which have higher 
BET surface area. This can be assessed as logical consequence, since the higher 
surface area enables a better distribution of the active sites along the catalyst and 
provides more reactions to take place simultaneously. The unfitting result obtained 
with the carrier Hombifine N could be explained with its relatively low iron (III) content 
as discussed on page 89. 
2.5 Influence of calcination temperature 
Calcination process has immense effects on the catalysts structure and thus on its 
performance. This essentiality of calcination was already discussed for zirconia 
based catalysts on page 52. The effect of calcination temperature was studied with 
an 18,1 wt. % WO3/TiO2 catalyst using Hombikat Typ II, which was prepared as usual 
but calcined at different temperatures. 
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Table 29: The effect of calcination temperature of a of 18,1 wt. % WO3/TiO2 (Hombikat Typ II 
catalyst.) Conditions: 20 wt.% aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | 
Without oxygen | Particle size 0,5-1,0 mm. 
Selectivity [%] 
Exp. Cat. 
Calcination 
temperature 
° C 
Conversion 
[%] Acrolein Acet-aldehyde Propanal Acetol Others 
LT31 KAT110 600 97,7 72,7 1,7 0,3 1,4 23,9 
LT32 KAT111 800 90,9 67,8 1,6 0,4 2,1 28,1 
LT37 KAT112 1000 24,2 45,0 0,2 0,1 5,6 49,1 
Others are acetic acid, propionic acid, acrylic acid, acetone, CO, CO2, different acetals, 
oligomers of glycerol as well as unidentified compounds. 
As the results reveal, high calcination temperatures are not preferred. The acrolein 
selectivity and glycerol conversion figures decline with increasing temperature. The 
increasing side products also show that the calcination temperature should be a 
parameter for a fine optimization study. The value for the calcination temperature 
could be between 600 and 800° C but also values below 600° C are expectable 
according to the presented values. The collapse of the pore structure at high 
calcination temperatures leading to undesired low catalytic performance can be 
considered as the reason. 
2.6 Comparison of P-WO3 and WO3 
The good performance of the WO3/TiO2 catalysts arise the question, if they can be 
improved by the substitution of WO3 by hetero poly tungsten (P-WO3), since it is 
known to be more acidic (p. 55). 
For this study, three P-WO3 catalysts were prepared using Hombikat Typ II and 
screened. Since the corresponding experiments using WO3/TiO2 were conducted in 
the presence of oxygen, same amount of oxygen was used in these experiments as 
well for the sake of comparison. Table 30 summarizes the results as well as 
comparison with similar WO3/TiO2 catalysts. 
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Table 30: The effect of P-WO3 amount on TiO2 (Hombikat Typ II) on product selectivity and 
conversion compared with corresponding previously obtained WO3/TiO2 screening results 
Conditions: 20 wt.% aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Oxygen: 
11,33 mln/min | Particle size 0,5-1,0 mm. 
Selectivity [%] 
Exp. Cat. Loading  type 
Loading 
amount
[wt. %] 
Conversion 
[%] Acrolein Acet-aldehyde Propanal Acetol Others 
RS5 KAT68 P-WO3 0,9 71,1 32,1 2,4 0,7 1,5 63,3 
AR166 KAT65 WO3 1,1 65,6 42,9 1,9 0,7 6,9 47,6 
RS6 KAT69 P-WO3 4,7 91,8 56,8 2,3 0,9 1,7 38,3 
RS4 KAT66 WO3 4,8 92,6 57,2 1,8 0,7 0,7 39,6 
AR168 KAT70 P-WO3 8,2 98,0 66,3 1,9 0,5 0,7 30,6 
AR167 KAT67 WO3 7,9 97,4 65,2 2,2 0,5 1,1 31,0 
Others are acetone, allyl alcohol, acetic acid, propionic acid, acrylic acid, acetone, CO, CO2, 
different acetals, oligomers of glycerol as well as unidentified compounds. 
As the results reveal, there is not a big difference between P-WO3/TiO2 catalysts and 
WO3/TiO2 catalysts for high loading amounts. For the loading amount of 1 wt. % 
P-WO3 showed higher glycerol conversion but lower acrolein selectivity. Between the 
two classes of catalysts for same loading amount, the similarities in terms of 
selectivity and conversion are visible. It is possible, that the P-WO3 structure is 
destroyed during calcination process and a usual WO3 network is provided. 
2.7 Comparison of different catalysts in the long term runs 
The screening experiments, so far, were conducted over a period of 8 hours. The 
performance durability of a catalyst is a key factor for its success in the industrial 
chemistry. The cost of the catalyst itself and the costs of missing production during 
catalyst replacement underline the importance of this factor. Due to this, several 
catalysts were screened for a longer service time. 
The experiments were conducted uninterrupted for more than three days. Each day 
4-5 samples were taken from the collected reaction product. The average values 
were calculated from a steady level, which appeared after the first hour of incubation 
time. The reactions were conducted in the presence of oxygen, due to anticipated 
positive effects. The screened catalysts as well as the results are given in figure 69. 
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Figure 69: Comparison of titania and zirconia catalysts in the long run. The shown figures 
represent the mean values based on steady measurement points. Catalysts: KAT21, KAT29, 
KAT70, KAT75, KAT67 and KAT74. Experiment numbers: AR165*, AR180*, AR168*, AR171, 
AR167, AR169*. Conditions: 20 wt. % aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 
280° C | Oxygen: 11,33 mln/min | Particle size 0,5-1,0 mm. Others are CO, CO2, different acetals, 
oligomers of glycerol as well as unidentified compounds.  
The columns in the figure above are presented in three groups. The first group 
(KAT21, KAT29) represents the commercial WO3/ZrO2 catalysts. The second group 
corresponds to self made P-WO3/TiO2 catalysts. The last one stands for the self 
made WO3/TiO2 catalysts. The comparison of the single columns of a group 
represents the performance differences within the same catalyst class with different 
loading amounts. 
Comparing the previous short term experiments with the results above shows that all 
three catalyst classes keep stable acrolein selectivity figures. Titania based catalysts 
have significant advantages, which were mentioned before. High acrolein selectivity 
and significantly lower acetol formation represent desired results. The similarities 
between WO3/TiO2 and P-WO3/TiO2 catalysts in terms of screening results at higher 
loading amounts were reproduced herewith as well. 
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Another observation is the lower conversion figures obtained with higher loading. 
Significant differences between conversion figures are visible especially between the 
two commercial WO3/ZrO2 catalysts. This difference within the same class of catalyst 
could be due to higher acidity since it can lead to coking and consequent deactivation 
of the catalyst.[49] 
Figure 70 is plotted from the single measurement points obtained from each long 
term screening experiment. 
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Figure 70: Comparison of titania and zirconia catalysts in the long run in terms of conversion.  
For experiment details please refer to: Figure 69 p. 94. 
The x-axis of the figure 70 gives the pure glycerol amount passed through the 
catalyst bed. Since the feed and the glycerol concentration were kept constant 
(23 g/h and 20 wt.%) 400 g of pure glycerol (utmost right on the x-axis) mean a 400 
g/(0,2 * 23 g/h)=86,96 h=3,62 days of screening. 
The results obtained with titania based catalysts are better than the ones achieved 
with zirconia based catalysts. Especially the 19 wt. % WO3/ZrO2 catalyst shows quite 
rapid deactivation. The P-WO3/TiO2 catalysts seem to be slightly better than the 
WO3/TiO2 catalysts in terms of conversion in the long run. The conversion figures for 
all catalysts but 19 wt.% WO3/ZrO2 show an asymptotic behaviour and stabilise at 
values between 50 and 55 % for the set feed rate. 
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2.8 Multi-component catalysts 
As already mentioned in the introduction, many of the modern catalysts used in the 
industrial organic chemistry are multi-component catalysts. While the catalyst carrier 
and the main active component are responsible for most of the product yield, the co-
components, for example, inhibit undesired side reactions thus ameliorate the main 
product selectivity. Initially, the development of such complex systems was out of the 
scope of the current work. Nevertheless, based on the high activity of WO3/TiO2 
system as well as the considerably high amount of unknown side products, made it 
worthwhile to study such multi component catalysts. Several MeOx-WO3/TiO2 
catalysts were prepared, where MeOx stands for a metal oxide. 
For the preparation of such catalysts, an aqueous solution of the metal oxide was 
introduced to the ammonium meta tungstate solution, which was then mixed with the 
solid titanium oxide in a slurry. The rest of the preparation method is as explained in 
the experimental section. PdO-WO3/TiO2 catalyst represents an exception, since it 
was calcined at 350° C. 
Hombikat Typ II was selected as titania carrier. The theoretical WO3 amount was 20 
wt. %. The metal oxide amount was targeted to be about 10 wt. % except for the 
PdO-WO3/TiO2 which was 2 wt.% Pd. The prepared catalysts are listed in the table 
31.  
Table 31: Prepared multi-component catalysts and the used metal salts. 
Cat. Chemistry Used metal salt 
KAT94 V2O5-WO3/TiO2 Ammonium meta vanadate 
KAT101 Fe2O3-WO3/TiO2 Iron (III) nitrate 
KAT103 CoO-WO3/TiO2 Cobalt (II) nitrate 
KAT104 NiO-WO3/TiO2 Nickel nitrate 
KAT105 CuO-WO3/TiO2 Cupper (II) nitrate 
KAT95 Nb2O5-WO3/TiO2 Niobium chloride 
KAT96 MoO3-WO3/TiO2 Ammonium molybdate 
KAT85 PdO-WO3/TiO2 Palladium acetate 
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The screening of these catalysts was conducted at 280° C without oxygen under the 
already mentioned standard conditions. The obtained results are presented in figure 
71. 
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Figure 71: Product selectivity and glycerol conversion over different multi-component 
catalysts. Catalysts: KAT94, KAT101, KAT103, KAT104, KAT105, KAT95, KAT96, KAT85. 
Experiment numbers: LT12, LT21, LT22, LT18, LT34, LT13, LT11, AR183. Conditions: 20 wt. % 
aq. glycerol solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Without oxygen | Particle size 
0,5-1,0 mm. Others are CO, CO2, different acetals, oligomers of glycerol as well as unidentified 
compounds. 
The glycerol conversion over these catalysts is significantly lower than simple 
WO3/TiO2 catalysts. The reason could be a competition between the two loading 
materials about free surface area as well as formation of possible mixed oxide 
compounds. Nevertheless the results have some interesting features. 
The first one is the absence of propanal over a cobalt containing catalyst. Since 
propanal is a much undesired product, due to separation problems in post-
processing, the existence of Co in the catalyst would be very advantageous. 
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The second observation is the relatively high acrolein selectivity using niobium 
containing catalyst. However, the glycerol conversion is extremely low. If the glycerol 
conversion is low, then the sample contains higher amounts of glycerol, which is 
harder to detect properly with the used analytic system. Since the selectivities are 
derived from glycerol conversion, the high selectivity obtained over this catalyst may 
be suspected. 
The third observation is the extremely high acrolein selectivity over PdO-WO3/TiO2 
catalyst. 87 % acrolein selectivity and 77 % glycerol conversion represents a very 
desirable result. It is considerable, that the oligomers of glycerol could be splitted 
under hydrogenation§§ in the presence of Pd. Such a reaction would recover the 
undesired oligomers of glycerol into acrolein.  
One attempt was undertaken for reproducing this extraordinary outcome with Pd. The 
result outperformed WO3/TiO2 catalysts slightly. On the other hand, the presence of 
iron within the catalyst also shows significantly better results than other 
multicomponent catalysts. This leads to the idea, that the existence of a 
hydrogenation catalyst should be reconsidered and studied thoroughly in future 
works. 
The most interesting results were obtained with Mo containing catalyst. The relatively 
high selectivity of allyl alcohol is remarkable. Since allyl alcohol is an important 
organic intermediate for the chemical industry as already mentioned in the chapter 
regarding basic information (B2.3 p.23), its formation from glycerol led to further 
investigations, which are presented in the following chapter 3. 
 
                                            
§§ The possible hydrogen source was already mentioned as formaldehyde disproportionation. (p. 77) 
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3 Studies for the production of allyl alcohol 
As stated, adding MoO3 onto a WO3/TiO2 system (KAT96) lead to elevated allyl 
alcohol selectivities. For further investigation of this interesting reaction, few other 
experiments were conducted in order to gain a first sight on the effect of temperature. 
The first row of the following table is the repetition of the previously obtained result 
using 17,8 wt. % WO3/TiO2 catalyst. In the remaining rows of the table 32, the results 
of the experiments obtained over a multi component catalyst with the composition  
MoO3 (7,2 wt. %) - WO3 (18,1 wt%) / TiO2 (Hombikat Typ II) at different reaction 
temperatures are presented. 
Table 32: The experimental results obtained with MoO3-WO3/TiO2 catalyst at different 
temperatures compared with a result of WO3/TiO2 catalyst. Conditions: 20 wt. % aq. glycerol 
solution | Feed 23 g/h | Cat. bed 4,5 ml | T 280° C | Without oxygen | Particle size 0,5-1,0 mm.  
Catalyst  
(Carrier: TiO2 
KAT83 ) 
Reaction 
parameters Selectivity [%] Exp. Cat. 
WO3  
[wt. %] 
MoO3 [wt. 
%] 
T 
[° C] 
WHSV 
[h-1] 
Conversion 
[%] 
Allyl 
alcohol Acrolein 
Acet 
aldehyde Acids Others 
LT42 KAT99 18,9 0 280 0,99 85,7 0,9 76,5 0,5 4,0 18,1 
AR190 KAT125 18,1 7,2 260 1,15 51,1 13,5 41,8 0,5 5,1 39,1 
AR191 KAT125 18,1 7,2 280 1,15 75,2 31,1 24,0 1,8 4,0 39,1 
AR189 KAT125 18,1 7,2 320 1,15 85,2 20,1 26,9 3,7 1,8 47,5 
Others are CO, CO2, different acetals, oligomers of glycerol as well as unidentified compounds. 
Acids are acetic acid, propionic acid and acrylic acid. 
Setting the reaction temperature at 280° C showed the highest allyl alcohol selectivity 
among the presented three experiments. 31,1 % allyl alcohol selectivity at 75,2 % 
glycerol conversion could be observed. With increasing reaction temperature, 
glycerol conversion and acetalydehyde selectivity increased. On the other hand, 
acrolein selectivity decreased. Between 260° and 320° C an optimal reaction 
temperature in terms of allyl alcohol selectivity was expected. 
The formation of allyl alcohol cannot be due to disproportionation of acrolein, since 
the corresponding product -acrylic acid- was not formed with a comparable 
selectivity. The reduction of acrolein with molecular hydrogen seems also to be 
unrealistic, since the acetaldehyde concentration is low as well. It is considerable that 
the searched corresponding products are oxidized to carbon monoxide / dioxide or 
another possible route is taking place which was not thought of.  
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In another small experiment, molecular hydrogen was introduced continuously into 
the reactor at 280° C, upon which glycerol conversion dropped to 60 % and allyl 
alcohol selectivity from 31,1 to 17 %. 
The conversion of glycerol to allyl alcohol represents a novel process for the 
continuous production of allyl alcohol based on environmentally friendly renewable 
feed stocks. The MoO3-WO3/TiO2 system catalyses the reaction, where MoO3 in the 
catalyst is shown to be essential. 
Summary and outlook 
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E SUMMARY AND OUTLOOK 
Glycerol is an environmental friendly and economically interesting feed stock. Due to 
the recent developments in the oleo-chemistry concerning bio-diesel production, 
glycerol supply increased, which led to a decrease in its price. While the bio-diesel 
producers are looking for new glycerol consumers, acrolein producers try to escape 
from propylene due to its increasing price. 
In scope of the present work, the dehydration reaction of glycerol to acrolein was 
investigated. The prerequisites of the research, was to develop the reaction 
processed in a continuous manner using heterogeneous catalysis. Thus, the reaction 
was taking place in the gas phase. As presented in the introduction, the reaction has 
been known for over ninety years. 
Two main classes of catalysts were studied; the ones having zirconia and the ones 
having titania as support. The catalysts were either obtained from catalyst producers 
or prepared in our laboratory according to impregnation method. While the research 
on WO3/ZrO2 catalysts was a sequential study to former works conducted elsewhere, 
as well as in our laboratory, WO3/TiO2 catalysts represent a discovery of novel 
catalysts suitable for this reaction. 
The products of the dehydration reaction were identified step by step in the course of 
the research, as acetaldehyde, acetone, propanal, acrolein, allyl alcohol, acetol, 
acetic acid, propionic acid, acrylic acid, several acetals, oligomers of glycerol, carbon 
monoxide as well as carbon dioxide. A notably part of the products however remains 
unknown. 
As an initial study, the effects of the reaction parameters were studied. The optimal 
reaction temperature was found to be 280° C. Even though this was found in the 
presence of WO3/ZrO2 catalysts, this particular temperature was used through out the 
whole work.  
The existence of oxygen co-flow increased the glycerol conversion and altered 
product distribution. The “oxygen-effect” depended on the catalyst. While for zirconia 
based catalysts, acrolein selectivity increased slightly, for titania catalysts it dropped. 
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But for all cases, oxygen suppressed side product formation, especially the formation 
of acetol. 
The standard particle size as well as contact time studies were also subject of the 
preliminary studies. The particle size of 0,5 to 1,0 mm and a catalyst bed length of 
4,5 ml leading to a contact time of 0,333 s for a 20 wt. % aqueous glycerol solution 
were selected as standard parameters. Apart from that, all catalysts showed an 
incubation period, requesting the conversion of first 1 g of pure glycerol per 1 g of 
catalyst with very low mass balance. 
The WO3 amount on the ZrO2 had significant effects on the catalyst properties and 
thus on its performance. The surface acidity and basicity were measured using 
temperature programmed desorption techniques. It was found that with increasing 
WO3 amount the acidity of the catalyst increased and the basicity, which was 
originated from the ZrO2, decreased. The calcination process was found to be 
essential for the elimination of basic sites which lead to low acetol formation and 
consequently to high acrolein yields. 
It was found that, acrolein selectivity correlates with the abundance of weak acidic 
sites. The existence of strong acidic sites as well as basic sites on the other hand 
yielded high amounts of by-products. This finding is in contrast to the patent issued to 
Degussa.[65] 
Sulfated zirconia was found to be a catalyst leading to high selectivities of acrolein 
too. However the leaching of sulfate ions over time represents the drawback of this 
catalytic system. 
By using the screening results and conducting a series of experiments with different 
reactants, it was possible to propose a reaction path. Even though the mentioned 
pathway cannot be fully proven, the findings seem to be correlating with the 
proceedings in the literature. 
Using WO3/ZrO2 catalysts led to maximum acrolein yield of 74 % under complete 
glycerol conversion. This result can be seen as a benchmark in the literature 
concerning this reaction.  
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WO3/TiO2 was discovered to be very suitable for the presented reaction, with low 
side product formation as well as very high acrolein selectivity with longer service 
time. The main difference between titania and zirconia is the lack of basic sites on 
default titania carriers. As a matter of fact, the titania surface shows acidic properties. 
After several studies, 80 %, sometimes up to 85 % acrolein selectivity could be 
achieved, which is top-notch value for the research on this topic. 
The loading of the WO3/TiO2 material with a second metal oxide did not lead to high 
acrolein selecitivites. Nevertheless important preliminary knowledge was gained. In 
that sense, the presence of cobalt suppressed the undesired propanal formation 
completely. Additionally it was observed that components as Pd or Fe, which are 
known to be active for hydrogenation reactions, had positive effects on the acrolein 
selectivity. 
A MoO3-WO3/TiO2 catalyst catalyzes the formation of allyl alcohol from glycerol. This 
reaction represents a novel and benign process for the production of allyl alcohol, 
which is an important intermediate. 
The key findings of the present work can be embedded into the existing state of the 
art as follows: 
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Figure 72: Embedding the present work into the state of the art.  
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Finally the synopsis of the current work would be the developments for the 
conversion of glycerol into acrolein, as well as the discovery of allyl alcohol formation 
from glycerol. 
The outlook of the work can be regarded in two aspects; acrolein and allyl alcohol. 
The dehydration reaction of glycerol yielding acrolein still represents an interesting 
topic with necessity of further research. The identification of unknown products would 
be a good start for enlightening the reaction route. Parallel to this, preparation of 
multi component catalysts with even reductive or oxidative properties for increasing 
acrolein selecvitiviy could be focused on. As it has been shown, cobalt oxide for 
example seems to be inhibiting propanal formation, which is a highly unwanted side 
product. Palladium or iron components could represent essential parts of a catalyst 
with extraordinary outstanding results. An optimization study with fine adjustments 
including the parameters, as reaction temperature, tungsten loading, pore size and 
surface area as well as oxygen amount can be considered as wide field study. The 
pore size and surface area could be adjusted using calcination process parameters 
as a technique. In addition to the presented TPD measurements, a deeper study on 
the acidic / basic properties of the catalysts can be done using IR spectroscopy or 
pyridine absorption methods, which would help to distinguish between different types 
of the mentioned sites. 
The discovery regarding the production of allyl alcohol from glycerol has the potential 
to be an interesting reaction from an industrial point of view. Since the reaction is 
new, future work should probably focus on catalyst composition and development as 
well as the role of various process parameters, reactor and process design. 
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F EXPERIMENTAL PART 
1 Chemicals 
Helium (99,99996 % pure) for GC was obtained from Praxair. Hydrogen (99,99999 % 
pure) from the company Messer and oxygen (98 % pure) from the company 
Westfalen were used for the reactions.  
Other chemicals, as metal salts for catalyst preparation and organic chemicals were 
obtained from Fluka, Riedel de Haen or Sigma Aldrich. Glycerol (99 % pure) was 
obtained from Applichem. All chemicals and gases were employed without any 
pretreatment. 
Zirconium dioxide pellets (KAT30), and 19 wt. % WO3/ZrO2 (KAT29) catalysts were 
supplied by St. Gobain / Norpro, USA. All other WO3/ZrO2, ZrO2/SO42- catalysts were 
provided via Arkema S.A., France by Daiichi KKK, Japan. Titanium dioxide carriers 
were obtained from Sachtleben, Germany, except TiO2-P25 (KAT113) from Degussa 
A.G. (now Evonik). 
2 Catalyst preparation 
Apart from the commercially obtained catalysts, several homemade catalysts were 
prepared according to the following impregnation method. As catalyst carriers, either 
one type of ZrO2 (KAT30, DMS-2007-0012, St. Gobain / Norpro) or different types of 
TiO2 were used. All titania carriers consist of anatas modification except TiO2-P25 
which was majorly rutile. 
A certain amount of water soluble metal salt (ammonium (para) tungstate for 
example) and 200 ml of water were heated to 80° C and stirred 2h, yielding a clear 
solution. Into this solution ZrO2 or TiO2 were added and stirred for another 4h. After 
evaporation of the water, the remaining slurry was dried 6h at 110° C followed by 
calcination at 600° C for 6h. 
The temperature program for all calcination processes was as follows: 
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Figure 73: Temperature profile used for calcination processes. 
The obtained powder was formed to pellets under 10 t for 20 min, which was then 
crushed and sieved. A fraction of 0,5 to 1,0 mm particle size was used for the 
characterization and screening experiments. 
3 Reactor set-up and catalyst screening 
The gas-phase dehydration of glycerol under atmospheric pressure was conducted in 
a 100 cm continuous plug flow fixed bed reactor in form of a coil, made of stainless 
steel tube with a 0,6 cm internal diameter. The solid catalyst was filled into the 
reactor which was placed afterwards in a temperature controlled, box shaped, GC-
like oven. The temperature of the oven was controlled with a thermocouple, 
connected to a Eurotherm (E2416) controller. The temperature homogeneity within 
the oven was fulfilled with an installed radial fan. The observed temperature 
fluctuation within the oven and over the time was not over ±0.5° C. Figure 74 shows 
the used reactor. 
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Figure 74: The used stainless steel reactor for the screening experiments. The reactor is made 
of steel type 316 TI and is made in the metal workshop of the institute. 
At the adjusted reaction temperature, a 20 wt. % aqueous glycerol solution was 
pumped into the reactor at a rate of 10 to 30 g/h. If required a regulated flow of 
oxygen (Brooks Mass Flow Controller 5850S) was introduced to the reactor as well. 
The reaction products were collected in a double jacket flask. The temperature of the 
collector flask was kept at -2° C using a cryostat all the time. Figure 75 is a detailed 
drawing of the used set-up. 
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Figure 75: Drawing of the used set-up for the continuous dehydration reaction of glycerol. 
 
After heating the oven to the desired reaction temperature, the feed was circulated 
for 15 minutes in the by-pass cycle for ensuring the removal of air bubbles. The start 
time of the reaction was denoted as the switching the valve (drawn above the oven) 
thus diverting the reactant flow to the reactor instead of the by-pass cycle. One hour 
after the start of the reaction, a certain amount of product got collected in the double 
jacket flask. The valve below this flask was opened and an uncertain amount of 
product (but not all) was filled into the pre-weighed product bottle. Then instead of 
the product bottle, a GC sample container with a known weight was connected to the 
double jacket flask and the sample was taken. The rest of the product was then filled 
completely into the product bottle. The weight difference between used reactant and 
collected product gave the mass loss, which was usually below 2 %. The GC analysis 
of the sample enabled the quantitative analysis of different compounds in the 
product. 
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4 Analysis 
4.1 Catalyst characterization 
BET surface areas, pore volumes and average pore diameters were obtained at 77 K 
on a Micrometrics ASAP 2010 Gas Sorption and Porosimetry System. After activation 
of the samples at 300° C for 3h under vacuum, the adsorption-desorption was 
conducted by passing nitrogen over. BET surface areas were determined over a 
relative pressure range from 0,05 to 0,20 bars. 
Measurement of catalytic acidity and basicity were conducted with a temperature 
programmed desorption (TPD) unit; TPD-Pro 1100 from CE Instruments equipped 
with a TCD detector. After heating the sample at 500° C for drying purposes, NH3 or 
CO2 were physisorbed at room temperature. Then the sample was heated up to 
600° C at 1°/min and the amount of desorbed gas was recorded by the TCD. 
Bulk elemental analyses were carried out with inductive couple plasma atomic 
emission spectroscopy on a Spectroflame D (Spectro Analytic Insturment).  
4.1.1 Qualitative product analysis 
The qualitative analysis of the compounds was mainly conducted by using the “GC 
enrichment” method. Firstly the GC of the sample containing unknown compounds 
was recorded. Then a negligible amount of a chemical, which was supposed to exist 
in the sample, was added. After this, the GC was recorded again. If the suspected 
peak grew without shoulders, then it was concluded, that the suspected peak 
corresponds to the added compound. 
The identification is then supported with GC-MS analysis using a VARIAN Saturn 
GC-MS device. Following chemicals are identified, and they make out around 85 
molar percent of the carbon compounds in a sample: Acetaldehyde, acetone, 
propanal, acrolein, allylic alcohol, acetol, acetic acid, propionic acid, acrylic acid and 
glycerol. The physical properties of the identified compounds are as follows: 
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Table 33: Name and properties of identified chemicals 
Name Molar mass [g/mol] CAS. Nr Boiling or melting* point [° C] Density [g/ml] 
Acetaldehyde 44,05 75-07-0 20 0,78 
Propanal 58,08 123-38-6 47 0,798 
Acetone 58,08 67-64-1 55 0,791 
Acrolein 56,06 107-02-8 53 0,84 
Acetol 74,08 116-09-6 145 1,08 
Glycerol 92,09 56-81-5 280 1,262 
Acetic acid 60,05 64-19-7 118 1,05 
Propionic acid 74,08 79-09-4 141 1,005 
Acrylic acid 72,06 79-10-7 141 1,05 
Allylic alcohol 58,08 107-18-6 97 0,852 
4.1.2 Quantitative product analysis 
The quantitative analysis of the samples was accomplished mainly by means of GC. 
The device is a GC 8000 from the company FISONS Instruments. The device was 
set-up as an on-column injection, means without a splitting unit. The detection was 
accomplished by using FID. Helium 4.6 was used as carrier gas. The carrier pre-
pressure was set to 5 bars. There were two usable channels on the device and both 
of them were populated with a column. Two identical integrators, SHIMADZU C-R3A 
were connected to each channel. The parameters of the channels as well as the 
oven temperature program are given below: 
Table 34: GC parameters 
 
Parameter Left channel Right channel 
Column length 2,5 m 2,0 m 
Column material Stainless steel Stainless steel 
Column outer diameter 1/8” 1/8” 
Column inner diameter 2 mm 2 mm 
Column support Chromosorb W-AW Chromosorb W-AW 
Column mesh range 80/100 80/100 
Column liquid phase FFAP FFAP 
Column wt. % 10 10 
Column production date 16.6.2004 17.8.2005 
Column max. temperature 250° C 250° C 
Carrier pressure 220 kPa 220 kPa 
Hydrogen pressure 75 kPa 70 kPa 
Air pressure 90 kPa 100 kPa 
Inlet temperature 250° C 250° C 
Detector temperature 240° C 240° C 
GC range 2 2 
GC attenuation 10 8 
Integrator width 5 5 
Integrator attenuation 3 3 
Integrator method 41 41 
Integrator min. area 100 100 
Integrator stop time 32 min 32 min 
Integrator chart speed 5 5 
Integrator slope 25 36 
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Figure 76: Temperature program of the GC oven used during the analysis 
 
Under these circumstances, the identified compounds had the following retention 
times. 
 Retention time [min] 
Chemical Left channel Right channel 
Acetaldehyde 1,27 0,83 
Propanal 1,83 1,10 
Acetone 2,05 1,21 
Acrolein 2,38 1,40 
Allylic alcohol 8,82 6,50 
Acetol 12,53 10,93 
Acetic acid 15,28 13,68 
Propionic acid 16,31 14,75 
Acrylic acid 17,86 16,25 
Glycerol 27,00 24,01 
 
Table 35: Retention times of the chemicals on each column 
The quantitative analysis of samples was done by “absolute method”. The core idea 
of this method is the direct correlation of peak areas to the concentration of the 
compound in the sample.  
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The analytical dilemma was; small injection amounts led to proper peaks for 
abundant compounds as acrolein but the side product peaks were either invisible or 
too small to evaluate. On the other hand, high injection amounts revealed the side 
products properly, but acrolein and glycerol peaks were so big, that the detection 
system of the GC was saturated. This saturation led to high sensibility and 
unacceptable errors in the calculation. 
This problem was solved in such a manner that for each sample two GC’s were 
recorded. For the quantification of acrolein the right channel was used, and 0,5 µl of 
each sample was injected. For the quantification of the side products as well as 
glycerol, the left channel was used and 5,0 µl of each sample was injected. Since 
glycerol gave a broad peak due to high retention time, its detection by the injection of 
5,0 µl was more appropriate. 
Firstly aqueous samples with exact known amounts of above mentioned chemicals 
and water were prepared. The concentrations were selected in such a way that they 
correspond to the selectivity spectrum of the real reaction; for example, 0-100 % yield 
for acrolein and 0-10 % yield for propanal. For each chemical, five samples were 
prepared and each sample was measured three times. Following curve parameters 
were obtained after the measurement of the calibration samples: 
Table 36: Calibration factors for the absolute method 
 ai (A³) bi (A²) ci (A) 
Acetaldehyde 8,2971E-19 3,7101E-13 2,5974E-07 
Propanal -6,8289E-17 3,0701E-12 1,4853E-07 
Acetone 3,9328E-18 -1,0073E-13 1,9302E-07 
Acrolein 0,0000E+00 -3,7226E-11 6,7036E-06 
Allylic alcohol 0,0000E+00 3,3892E-14 1,3749E-07 
Acetol 0,0000E+00 -6,1976E-13 4,4544E-07 
Acetic acid 0,0000E+00 -1,2040E-12 5,4871E-07 
Propionic acid -2,3215E-16 1,0233E-11 3,6023E-07 
Acrylic acid -1,3137E-16 1,1183E-11 3,3365E-07 
Glycerol 0,0000E+00 -9,2881E-14 4,4927E-07 
 
By using the absolute method, the area corresponds directly to a weight percentage. 
This value is gained simply by the calculation of the polynomial function (third order) 
value by replacing the A by the peak area. 
Experimental part 
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The used “absolute method” has clear advantages in comparison to the “internal 
standard method”, where the quantification is based on the peak area ratios of an 
internal standard and the compound. These advantages are: 
• No interdependency of different evaporation speeds of the standard and 
product components 
• Side product peaks are visible and reliable 
• Sample preparation is easier 
• The time gap between the sampling and injection is shorter; the sample stays 
cold 
• No exact weighing of the sample is required; less error 
On the other hand, the “absolute method” has some risks. 
• The GC operator must inject always the exact same volume.  
• The carrier flow rate and FID gas flow rates must be kept absolutely constant. 
• The calibration is based on mass. Different glycerol conversions lead to 
different product densities. But injected volume is kept constant, not the mass. 
Since the method is based on the absolute injected chemical amount, it is very 
sensible to the injected sample volume, which is supposed to be kept absolutely 
constant. The impact of uneven injected volumes can be demonstrated by the 
following simple experiment: The same sample was injected three times, 4,9 µl, 5,0 
µl and 5,1 µl. The provoked error of 0,1 µl is much higher than a careful operator 
would cause. The result is showing that even for these extreme mistakes the 
calculated levels are not differing more than 1,5 % absolute. The flexibility of the 
method is due to the high water content of the sample. Each volume error is divided 
roughly by five since the samples consist around 80 % of water. 
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Figure 77: Determination of error provoked by under & over injection. 
The second risk is the shifts in calibration curve over time due to changing gas flow 
rates within the GC. For evaluation of this risk, the calibration curves were repeated 
monthly for observing possible shifts. Fortunately, there were no calibration offset 
recorded over time. 
Another issue would be the variable density and thus variable injected amounts 
based on different glycerol conversion. Since the reactant is only 20 wt. %, the error 
impact of the density deviation will be therotically only 1/5 of a pure reactant. 
Nevertheless two extremes can be calculated for demonstrating this issue: 
For the calculation, three chemicals are assumed to exist in a sample; Glycerol, 
water and acrolein. They are not only the main components of a standard sample, 
but also represent three extreme density ranges. 
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Table 37: Densities of three chemicals, selected for the calculation of possible errors occurring 
due to density extremes caused by the absolute method. 
Chemical Density [g/ml] 
Glycerol 1,26 
Water 1,00 
Acrolein 0,84 
Two extreme situations can be considered: 
• Sample 1: 10 % conversion of a 20 wt. % aqueous glycerol solution to acrolein 
• Sample 2: 90 % conversion of a 20 wt. % aqueous glycerol solution to acrolein 
Table 38: Hypothetical ingredients of two extreme samples for the calculation of possible 
errors occurring due to density extremes caused by the absolute method. 
 1 g of Sample 
1 
1 g of Sample 
2 
Glycerol conversion 10 % 90 % 
Water amount 808 mg 871 mg 
Glycerol amount 180 mg 20 mg 
Acrolein amount 12 mg 109 mg 
Density 1,045 g/ml 0,988 g/ml 
 
As one can recall, the absolute method calibration was accomplished using aqueous 
solutions of them. The densities of the calibration samples for the corresponding 
examples given above can also be calculated and contrasted with the calculated 
densities of the samples. The deviation between the samples would mean an 
over/under injection amount of the sample, since the injection volume was always 
kept constant and not the mass. 
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Table 39: Calculation of over/under injection amounts caused by absolute method and extreme 
conversions. 
Compound 
Weight 
ratio 
[gi/gsample] 
Calibration 
sample 
density 
Sample 
density 
Virtual 
over/under 
injection 
Real 
injection 
amount 
Glycerol 0,180 1,047 g/ml 1,045 g/ml 4,990 µl 5,0 µl 
Glycerol 0,020 1,005 g/ml 0,988 g/ml 4,915 µl 5,0 µl 
Acrolein 0,012 0,998 g/ml 1,045 g/ml 0,523 µl 0,5 µl 
Acrolein 0,109 0,982 g/ml 0,988 g/ml 0,503 µl 0,5 µl 
The difference between the virtual injected and real injected amount is at the same 
level with the demonstration samples shown one chapter before. The deviation of 
even such an extreme value would make an error of around 1 % in terms of 
conversion and selectivity. Since the measured samples are between these two 
calculated extremes, this calculation shows that the absolute method is suitable for 
the measurement of aqueous solutions of the current project. For concentrated 
solutions the error would be greater and a re-calibration would be required. 
The final proof for the correctness of the absolute method is its cross check with a 
complete different method; HPLC. Without going much into details, an HPLC method 
for glycerol was developed, by exploring a suitable column and followed by 
calibration. The comparison for the quantification of glycerol is as follows: 
Table 40: Verification of the absolute GC method with HPLC 
Exp. 
mg of glycerol 
in sample 
(GC Result) 
mg of glycerol 
in sample 
(HPLC Result) 
Conversion 
calculated 
upon GC 
Conversion 
calculated 
upon HPLC 
Deviation 
between 
conversions
33, Sample 1 0,01036 0,00944 94,8 % 95,2 % 0,4 % 
33, Sample 2 0,05293 0,05476 73,5 % 72,6 % 1,2 % 
33, Sample 3 0,09929 0,09793 50,4 % 51,0 % 1,2 % 
The conversion figures obtained with GC and HPLC method are quite similar. This 
comparison is another proof for the correctness and the stability of the absolute 
method. 
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After the determination of the retention times and the generation of the calibration 
curves, it is possible to accomplish a quantitative analysis of a continuous reaction 
product. The necessary steps could be summarized as the following; 
• Determination of the pure reactant amount used within the experimental period 
• Determination of the gained product solution mass within the experimental 
period 
• Taking a sample of approximate amount from the product solution, and 
determination of its mass  
• Recording the GC  
• Calculation of the mass of each identified chemical in the GC sample using 
calibration curves 
• Calculation of the existing amount compound in the overall product. 
As the reaction was run continuously the used reactant mass was recorded for the 
experimental duration. The difference between the measured mass of the reactant 
container over the time gives the used reactant mass within an experimental 
duration. 
     
rct
tt
rct
t
rct
t mWW 1212 −=−   (1) 
Where; 
rct
tW 2 : Mass of the reactant container after the experimental duration 
rct
tW 1 : Mass of the reactant container before the experimental duration 
rct
ttm 12− : Mass of the used reactant solution within the experimental duration 
The multiplication of the used reactant solution with its mass percentage on pure 
reactant gives the used pure amount of the reactant during the experimental period. 
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Where; 
rct
ttm 12− : Mass of the used reactant solution during the experiment 
rctx : The mass percentage of the reactant solution 
rct
ttm 12− : The mass of the pure reactant used within the experimental duration 
The division of the pure reactant amount by its molecular weight gives the molar 
amount of the used reactant. 
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Where; 
rctM : The molecular weight of the reactant 
rct
ttn 12 − : The molar amount of the used reactant within the experimental period 
The multiplication of the molar amount of the reactant by the number of carbon atoms 
in each molecule gives the number of total carbon atoms which have been fed into 
the reactor during the experimental period t2-t1. Since glycerol has three carbon 
atoms; 
   (4) inCarbontt
rct
tt nn
_
1212
3 −− =⋅
The products of the reaction were collected in a double jacket flask, which was 
cooled down to -2° C with a cryostat. From this cold product a certain amount of 
sample was retained and the rest of the product was filled into a container. 
The mass of the collected product was calculated simply by adding these two 
masses: 
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Where; 
prd
ttm 12 − : Mass of the collected product within the experimental period 
prd
tW 2 : Mass of the product flask before the filling with the product 
prd
tW 1 : Mass of the product flask after the filling with the product 
prd
GCm : Mass of the retained sample 
The division of the product amount by the reactant solution amount gives the mass 
loss rate, ML: 
 rct
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m
m
ML
12
22
−
−=   (6) 
Under normal circumstances (except the first measurement point at an experiment) 
the mass loss rate is below 2 %. Usually the retained amount of product for the GC 
was around 2 g. 
The recorded GC gives peak areas. By using the absolute method, the area 
corresponds to a weight percentage. This value is gained simply by the calculation of 
the polynomial function value by replacing the x by the peak area. 
 iiiiiii AcAbAag
m ++= 23
1
  (7) 
Where; 
g
mi
1
: Mass percentage of the chemical i in one gram of the sample 
iii cba ,, : Cofactors of the calibration function. 
:iA Area of the peak belonging to the chemical i 
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The calculation of the amount of the chemical i in the total product amount is done 
just by the rule of proportion: 
 i
tt
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i mm
m
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− 12
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Pr   (8) 
The division of the mass of the chemical i in the total product amount by its molecular 
weight gives the molar amount of i in the total collected product. 
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M
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If one takes glycerol, which is the reactant as i, it becomes possible to calculate the 
conversion. The conversion is the molar amount of glycerol feed minus the detected 
amount of glycerol in the product, divided by the glycerol feed. 
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The selectivity of each product is calculated also using the same method. This 
formula holds only for simple stochiometry. In other cases the stochiometric factors 
must be regarded and built into the formula as factors. 
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The multiplication of the selectivity and conversion gives the yield of the product i: 
 glyii XSY ⋅=   (12) 
The mass loss in most cases was below 2 %, all of the major components are known 
products and the mass deposition on the catalyst was below 0,2 g. Upon this, it has 
been expected, that the carbon balance should be around 100 %. In other words, the 
carbon sum of identified and quantified products should give the reactant carbon 
amount fed to the reactor within the experimental period. Neglecting any possible 
mass loss, carbon balance can be expressed as follows; 
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Where: 
i: Index of chemical i 
k: Number of identified products 
prd
in : Moles of the chemical i in the product 
iξ : Number of carbons in one molecule of the chemical i 
inCarbon
ttn
_
12 − : The molar amount of fed reactant carbon atoms within the 
experimental period 
The division of the detected carbon amount by the fed carbon amount can be defined 
as the carbon balance 
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In most experiments, the carbon balance was above 85 %. The remaining 15 % was 
CO, CO2, different acetals, oligomers of glycerol and unidentified products. 
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G APPENDIX 
1 Catalyst numbers 
Table 41 summarizes the catalysts, catalyst composition, their source and supplier’s 
label: 
Table 41: Catalyst numbers and information. 
Catalyst 
number Chemistry 
Loading
[wt. %] Source Suppliers label 
KAT21 WO3/ZrO2 8,89 Daiichi KKK 1870C149 
KAT29 WO3/ZrO2 19 Norpro St Gobain DMS2007-0093 
KAT30 ZrO2 --- Norpro St Gobain DMS2007-0012 
KAT31 WO3 --- Merck - 
KAT41 WO3/ZrO2 15,43 Daiichi KKK 2039C176 
KAT42 WO3/ZrO2 9,17 Daiichi KKK 2039C175 
KAT43 WO3/ZrO2 7,27 Daiichi KKK 2039C174 
KAT44 WO3/ZrO2 5,31 Daiichi KKK 2039C173 
KAT45 WO3/ZrO2 2,11 Daiichi KKK 2039C172 
KAT46 CeO2/ZrO2 25,75 Daiichi KKK 2039C171 
KAT47 ZrO2/SO42- 12,03 Daiichi KKK 2039C165 
KAT48 ZrO2/SO42- 5,14 Daiichi KKK 2039C162 
KAT49 ZrO2/SO42- 5,02 Daiichi KKK 2039C161 
KAT50 ZrO2/SO42- 5,21 Daiichi KKK 2039C160 
KAT51 ZrO2/SO42- 5,24 Daiichi KKK 2039C158 
KAT54 WO3/ZrO2 0,9 Self made (on KAT30) --- 
KAT55 WO3/ZrO2 7,2 Self made (on KAT30) --- 
KAT56 WO3/ZrO2 33 Self made (on KAT30) --- 
KAT65 WO3/TiO2 1,1 Self made (on KAT30) --- 
KAT66 WO3/TiO2 4,8 Self made (on KAT83) --- 
KAT67 WO3/TiO2 7,9 Self made (on KAT83) --- 
KAT68 P-WO3/TiO2 1,1 Self made (on KAT83) --- 
KAT69 P-WO3/TiO2 4,7 Self made (on KAT83) --- 
KAT70 P-WO3/TiO2 10,1 Self made (on KAT83) --- 
KAT71 P-WO3/ZrO2 0,94 Self made (on KAT30) --- 
KAT72 P-WO3/ZrO2 4,28 Self made (on KAT30) --- 
KAT73 P-WO3/ZrO2 8,20 Self made (on KAT30) --- 
KAT74 WO3/TiO2 27,6 Self made (on KAT83) --- 
KAT75 P-WO3/TiO2 30 Self made (on KAT83) --- 
KAT79 WO3/ZrO2 5,31 Daiichi KKK/Calc. 2039C173 
KAT80 WO3/ZrO2 9,17 Daiichi KKK/Calc. 2039C175 
KAT81 WO3/ZrO2 15,43 Daiichi KKK/Calc. 2039C176 
KAT83 TiO2 --- Sachtleben Hombikat Typ II 
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Catalyst 
number Chemistry Loading Source 
Suppliers 
label 
KAT85 PdO-WO3/TiO2 2-20* Self made (on KAT83) --- 
KAT89 WO3/TiO2 17,8 Self made (on KAT119) --- 
KAT94 V2O5-WO3/TiO2 10-20* Self made (on KAT83) --- 
KAT95 Nb2O3-WO3/TiO2 10-20* Self made (on KAT83) --- 
KAT96 MoO3-WO3/TiO2 10-20* Self made (on KAT83) --- 
KAT98 WO3/TiO2 13,9 Self made (on KAT83) --- 
KAT99 WO3/TiO2 18,9 Self made (on KAT83) --- 
KAT101 Fe2O3-WO3/TiO2 10-20* Self made (on KAT83) --- 
KAT103 CoO-WO3/TiO2 10-20* Self made (on KAT83) --- 
KAT104 NiO-WO3/TiO2 10-20* Self made (on KAT83) --- 
KAT105 CuO-WO3/TiO2 10-20* Self made (on KAT83) --- 
KAT107 WO3/TiO2 18,6 Self made (on KAT113) --- 
KAT109 WO3/TiO2 18,1 Self made (on KAT114) --- 
KAT110 WO3/TiO2 18,1 Self made (on KAT83) --- 
KAT111 WO3/TiO2 18,1 Self made (on KAT83) --- 
KAT112 WO3/TiO2 18,1 Self made (on KAT83) --- 
KAT113 TiO2 --- Degussa TiO2-P25 
KAT114 TiO2 --- Sachtleben UV 100 
KAT119 TiO2 --- Sachtleben Hombifine N 
KAT125 MoO3-WO3/TiO2 7,2-18,1 Self made (on KAT83) --- 
* The values represent aimed loading amounts during catalyst preparation. The first 
value is the loading amount of the MetOx and the second value is the loading amount 
of WO3.  
2 Experiment parameters 
Parameters of the experiments are given in this section. The last column shows the 
corresponding page, on which the experiment is presented within the current wo 
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Table 42: Experiment parameters. 
T Oxygen Particle size Exp. Cat. [° C] [mln/min] [mm] 
Page 
AR12 KAT21 280 2,5 0,5-1,0 39 
AR14 KAT21 260 2,5 0,5-1,0 39 
AR16 KAT21 240 2,5 0,5-1,0 39 
AR18 KAT21 300 2,5 0,5-1,0 39 
AR21 KAT21 320 2,5 0,5-1,0 39 
AR114 KAT30 280 0 0,5-1,0 48 
AR115 KAT31 280 0 0,5-1,0 48 
AR127 KAT29 280 11,33(N2) 0,5-1,0 43 
AR132 KAT45 280 0 0,5-1,0 48 
AR134 KAT44 280 0 0,5-1,0 48 
AR135 KAT41 280 0 0,5-1,0 48 
AR136 KAT42 280 0 0,5-1,0 48 
AR138 KAT56 280 0 0,5-1,0 55 
AR139 KAT55 280 0 0,5-1,0 55 
AR140 KAT54 280 0 0,5-1,0 55 
AR141 KAT43 280 0 0,5-1,0 48 
AR142 KAT47 280 0 0,5-1,0 70 
AR144 KAT48 280 0 0,5-1,0 70 
AR145 KAT49 280 0 0,5-1,0 70 
AR146 KAT50 280 0 0,5-1,0 70 
AR148 KAT51 280 0 0,5-1,0 70 
AR150 KAT46 280 0 0,5-1,0 64 
AR151 KAT29 280 0 0,5-1,0 41 
AR153 KAT29 280 0 0,5-1,0 41 
AR154 KAT29 280 0 0,5-1,0 41 
AR155 KAT29 280 0 0,5-1,0 41 
AR158 KAT29 280 0 0,5-1,0 43 
AR159 KAT29 280 0 1,0-1,4 42 
AR160 KAT29 280 0 0,2-0,5 42 
AR162 KAT29 280 0 0,5-1,0 75 
AR163 KAT29 280 0 0,5-1,0 75 
AR165 KAT21 280 11,33 0,5-1,0 94 
AR166 KAT65 280 11,33 0,5-1,0 85 
AR167 KAT67 280 11,33 0,5-1,0 85, 94 
AR168 KAT70 280 11,33 0,5-1,0 92 
AR169 KAT74 280 11,33 0,5-1,0 85, 94 
AR170 KAT71 280 0 0,5-1,0 56 
AR171 KAT75 280 11,33 0,5-1,0 94 
AR173 KAT79 280 0 0,5-1,0 53 
AR174 KAT81 280 0 0,5-1,0 53 
AR180 KAT29 280 11,33 0,5-1,0 43, 94 
AR183 KAT85 280 0 0,5-1,0 97 
AR189 KAT125 320 0 0,5-1,0 99 
AR190 KAT125 260 0 0,5-1,0 99 
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T Oxygen Particle size Exp. Cat. [° C] [mln/min] [mm] Page 
AR191 KAT125 280 0 0,5-1,0 99 
LS1 KAT29 280 0 0,5-1,0 71 
LS7 KAT29 280 0 0,5-1,0 71 
LS13 KAT29 280 0 0,5-1,0 71 
LS18 KAT29 280 0 0,5-1,0 71 
LS23 KAT29 280 0 0,5-1,0 71 
LS28 KAT29 280 0 0,5-1,0 71, 75 
LS33 KAT29 280 0 0,5-1,0 71 
LS39 KAT29 280 11,33 0,5-1,0 80 
LS44 KAT29 280 11,33 0,5-1,0 80 
LS49 KAT29 280 11,33 0,5-1,0 80 
LS55 KAT29 280 11,33 0,5-1,0 80 
LS61 KAT29 280 11,33 0,5-1,0 80 
LS67 KAT29 280 11,33 0,5-1,0 80 
LS73 KAT29 280 11,33 0,5-1,0 80 
LT3 KAT89 280 11,33 0,5-1,0 82 
LT4 KAT107 280 11,33 0,5-1,0 82 
LT11 KAT96 280 0 0,5-1,0 97 
LT12 KAT94 280 0 0,5-1,0 97 
LT13 KAT95 280 0 0,5-1,0 97 
LT15 KAT98 280 11,33 0,5-1,0 85 
LT16 KAT99 280 11,33 0,5-1,0 85 
LT18 KAT104 280 0 0,5-1,0 97 
LT21 KAT101 280 0 0,5-1,0 97 
LT22 KAT103 280 0 0,5-1,0 97 
LT23 KAT107 280 0 0,5-1,0 82 
LT24 KAT89 280 0 0,5-1,0 82, 86 
LT24/2 KAT89 320 0 0,5-1,0 86 
LT25 KAT89 300 0 0,5-1,0 86 
LT25/2 KAT89 340 0 0,5-1,0 86 
LT27 KAT89 260 0 0,5-1,0 86 
LT29 KAT109 280 0 0,5-1,0 82 
LT31 KAT110 280 0 0,5-1,0 89 
LT32 KAT111 280 11,33 0,5-1,0 89 
LT34 KAT105 280 0 0,5-1,0 97 
LT35 KAT113 280 11,33 0,5-1,0 81 
LT36 KAT114 280 11,33 0,5-1,0 81 
LT37 KAT112 280 11,33 0,5-1,0 89 
LT41 KAT119 280 11,33 0,5-1,0 81, 85 
LT42 KAT99 280 0 0,5-1,0 82 
LT42/2 KAT99 280 11,33 0,5-1,0 82 
LT45 KAT109 280 11,33 0,5-1,0 82 
RS4 KAT66 280 11,33 0,5-1,0 85 
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T Oxygen Particle size Exp. Cat. [° C] [mln/min] [mm] Page 
RS5 KAT68 280 11,33 0,5-1,0 92 
RS6 KAT69 280 11,33 0,5-1,0 92 
RS7 KAT83 280 11,33 0,5-1,0 81 
RS8 KAT72 280 0 0,5-1,0 56 
RS9 KAT73 280 0 0,5-1,0 56 
RS13 KAT80 280 0 0,5-1,0 53 
 
3 Detailed experimental results 
The detailed results of the experiments are given in the following tables. Some of the 
reaction products remain unknown. Even though small amounts of acetals and 
oligomers of glycerol as well as CO and CO2 could be detected as parts of the 
reaction product; these compounds were not quantified within the experimental 
series. The value named with “Unknown” should represent the above named 
compounds and majorly unknown products. Additionally, if a value is given as N/A it 
means, this compound was not quantified and its selectivity is included in the 
“Unknown” value. 
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Table 43: Detailed experimental results 
Selectivity [%] 
Exp. Cat. Conversion [%] Acet- aldehyde Propanal Acetone Acrolein
Allyl 
alcohol Acetol
Acetic 
acid 
Propionic 
acid 
Acrylic 
acid Unknown 
AR12 KAT21 98,5 3,3 N/A N/A 72,1 N/A 9,3 N/A N/A N/A 15,3 
AR14 KAT21 97,6 2,3 N/A N/A 70,4 N/A 8,7 N/A N/A N/A 18,6 
AR16 KAT21 62,8 0,9 N/A N/A 58,1 N/A 17,0 N/A N/A N/A 24,0 
AR18 KAT21 100,0 4,1 N/A N/A 68,3 N/A 10,7 N/A N/A N/A 16,9 
AR21 KAT21 97,7 3,8 N/A N/A 61,3 N/A 12,1 N/A N/A N/A 22,8 
AR114 KAT30 37,3 0,5 0,4 0,0 11,6 1,4 0,0 0,0 0,0 0,0 86,1 
AR115 KAT31 81,6 0,8 0,6 0,3 27,0 5,9 1,5 1,1 0,2 0,7 61,9 
AR127 KAT29 80,2 1,0 0,7 0,0 67,2 0,5 10,8 3,1 0,5 0,2 16,0 
AR132 KAT45 51,1 2,7 0,9 0,3 11,3 2,0 40,2 0,8 N/A 6,0 35,8 
AR134 KAT44 37,7 2,9 1,8 0,4 27,8 4,4 41,5 0,7 N/A 4,2 16,3 
AR135 KAT41 57,7 2,9 1,5 0,1 55,3 3,5 25,1 1,4 N/A 1,8 8,4 
AR136 KAT42 38,2 3,5 1,1 0,8 35,2 4,3 29,7 0,2 N/A 3,6 21,6 
AR138 KAT56 45,7 0,2 0,4 0,0 75,2 0,3 8,4 2,9 1,2 0,9 10,5 
AR139 KAT55 83,1 1,2 1,1 0,0 78,4 0,9 11,2 2,5 1,4 0,8 2,5 
AR140 KAT54 23,9 1,4 0,8 0,0 30,2 2,5 18,2 3,1 1,3 1,1 41,4 
AR141 KAT43 45,4 3,1 1,0 0,3 25,9 3,6 29,1 0,1 N/A 4,7 32,2 
AR142 KAT47 9,6 3,2 0,9 0,0 67,2 1,2 15,4 6,2 2,4 0,8 2,7 
AR144 KAT48 59,0 1,1 0,8 0,0 62,0 1,1 13,6 4,3 2,6 1,1 13,4 
AR145 KAT49 47,4 1,2 1,4 0,0 62,7 1,3 15,2 5,0 3,3 3,0 6,9 
AR146 KAT50 62,3 1,1 1,6 0,0 58,2 1,4 14,8 4,8 3,2 2,7 12,2 
AR148 KAT51 63,9 1,4 1,8 0,0 54,5 1,7 14,7 4,5 3,1 2,6 15,7 
AR150 KAT46 18,7 2,8 0,2 0,3 0,0 0,3 39,4 1,2 5,9 7,9 42,0 
AR151 KAT29 42,4 0,5 0,4 0,1 56,2 0,4 5,8 2,1 0,6 0,3 33,6 
AR153 KAT29 87,1 1,1 0,9 0,2 68,7 0,5 9,4 2,0 0,9 0,2 16,1 
AR154 KAT29 79,6 1,2 0,9 0,2 67,3 0,6 10,3 2,3 1,0 0,4 15,8 
AR155 KAT29 85,2 1,4 1,1 0,4 66,5 0,6 9,8 1,9 0,9 0,2 17,2 
AR158 KAT29 82,9 1,0 0,8 0,2 68,6 0,5 10,2 2,0 1,0 0,2 15,5 
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Selectivity [%] Exp. Cat. Conversion 
[%] Acet- aldehyde Propanal Acetone Acrolein 
Allyl 
alcohol Acetol
Acetic 
acid 
Propionic 
acid 
Acrylic 
acid Unknown 
AR159 KAT29 70,0 1,1 0,9 0,3 68,5 0,6 10,3 2,1 1,0 0,3 14,9 
AR160 KAT29 82,0 1,0 0,8 0,3 69,4 0,5 10,6 2,2 1,0 0,3 13,9 
AR162 KAT29 22,3 5,7 1,2 1,9 --- 0,5 0,5 0,6 0,1 0,1 89,4 
AR163 KAT29 16,4 8,5 3,4 3,0 --- 0,1 1,2 0,7 0,1 0,1 82,9 
AR165 KAT21 64,4 1,1 0,3 0,0 56,7 0,1 7,5 1,7 0,9 0,3 31,4 
AR166 KAT65 71,1 1,9 0,7 0,4 42,9 0,5 6,9 1,3 0,5 0,4 44,5 
AR167 KAT67 97,4 2,2 0,5 0,1 65,2 0,1 1,1 0,7 0,3 0,2 29,6 
AR167* KAT67 79,3 1,9 0,3 0,1 66,2 0,1 1,4 0,6 0,2 0,4 28,8 
AR168 KAT70 98,0 1,9 0,5 0,1 66,3 0,1 0,7 0,6 0,3 0,1 29,4 
AR168* KAT70 75,7 1,7 0,3 0,0 62,4 0,1 1,5 0,6 0,2 0,1 33,1 
AR169 KAT74 97,3 2,0 0,3 0,1 67,2 0,1 0,9 0,7 0,2 0,2 28,3 
AR169* KAT74 66,4 1,8 0,2 0,0 69,4 0,1 1,7 0,6 0,6 0,2 25,4 
AR170 KAT71 37,2 1,9 0,8 0,2 20,6 2,0 29,7 0,6 0,1 1,7 42,4 
AR171 KAT75 69,0 1,4 0,2 0,0 71,1 0,1 2,2 0,9 0,6 0,3 23,2 
AR173 KAT79 47,5 1,4 1,2 0,0 64,8 2,1 15,9 4,4 1,1 1,7 7,4 
AR174 KAT81 88,7 0,8 0,8 0,2 72,1 0,5 10,3 3,0 1,4 0,7 10,2 
AR180 KAT29 72,7 0,3 0,3 0,0 74,3 0,2 8,0 1,8 1,0 0,6 13,5 
AR180* KAT29 28,4 1,7 0,3 0,0 67,4 0,1 8,0 2,0 2,3 0,7 17,5 
AR183 KAT85 75,9 0,6 0,6 0,4 87,4 0,7 13,5 3,0 1,6 0,8 -8,6 
AR189 KAT125 85,2 3,7 1,8 1,6 26,9 20,1 2,7 0,3 1,5 0,0 41,4 
AR190 KAT125 51,1 0,5 0,5 0,4 41,8 13,5 4,5 2,0 2,0 1,1 33,7 
AR191 KAT125 75,2 1,8 0,9 1,0 25,2 31,1 7,3 1,7 0,8 1,5 28,7 
LS1 KAT29 88,1 1,2 0,8 0,3 72,0 0,6 10,6 1,9 0,8 0,3 11,5 
LS7 KAT29 50,0 0,2 --- 0,0 27,0 0,0 0,0 0,0 4,0 0,0 68,8 
LS13 KAT29 9,9 0,0 0,1 --- 0,0 0,0 0,0 91,3 0,0 0,0 8,6 
LS18 KAT29 41,7 --- 0,0 3,5 0,0 0,0 0,0 1,8 0,0 0,0 94,7 
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Selectivity [%] Exp. Cat. Conversion 
[%] Acet- aldehyde Propanal Acetone Acrolein 
Allyl 
alcohol Acetol
Acetic 
acid 
Propionic 
acid 
Acrylic 
acid Unknown 
LS23 KAT29 91,7 0,3 35,1 0,0 41,3 --- 0,0 0,2 0,3 0,4 22,4 
LS28 KAT29 33,8 1,2 1,2 2,0 --- 0,0 0,1 2,4 0,3 1,8 91,0 
LS33 KAT29 47,2 3,4 0,4 5,7 17,0 0,1 --- 19,9 8,5 1,4 43,6 
LS39 KAT29 97,9 1,7 0,8 0,1 72,4 0,4 8,6 1,7 0,7 0,1 13,5 
LS44 KAT29 14,4 1,4 0,2 --- 0,0 0,0 0,0 0,0 0,0 0,0 98,4 
LS49 KAT29 27,9 0,4 --- 0,1 7,5 0,0 0,5 0,0 2,2 0,1 89,2 
LS55 KAT29 24,7 1,5 0,3 0,1 --- 0,1 2,3 0,4 0,1 1,5 93,7 
LS61 KAT29 99,4 0,4 35,9 0,0 37,2 --- 0,0 0,1 0,0 0,1 26,3 
LS67 KAT29 12,4 --- 0,0 0,0 0,0 12,9 0,0 3,3 0,0 0,1 83,7 
LS73 KAT29 71,2 9,2 0,2 3,6 1,3 1,0 --- 14,6 5,9 1,5 62,7 
LT3 KAT89 94,6 1,8 0,4 0,1 65,7 0,1 1,3 1,1 0,5 0,5 28,5 
LT4 KAT107 90,0 1,4 0,5 0,1 71,4 0,1 1,3 1,8 0,7 0,8 21,9 
LT11 KAT96 58,8 1,9 0,9 1,0 25,3 30,9 7,3 1,9 1,0 2,2 27,6 
LT12 KAT94 7,6 0,4 0,2 0,3 0,0 12,1 0,0 0,0 0,0 0,2 86,8 
LT13 KAT95 14,6 0,6 0,6 1,4 75,3 1,7 18,0 0,6 0,2 1,2 0,4 
LT15 KAT98 98,4 1,1 0,3 0,1 73,1 0,1 2,6 0,8 0,9 0,4 20,6 
LT16 KAT99 90,9 1,6 0,4 0,1 67,7 0,1 2,1 0,5 1,1 0,3 26,1 
LT18 KAT104 17,6 0,8 0,2 0,1 29,1 2,3 8,8 1,3 0,7 0,1 56,6 
LT21 KAT101 38,6 0,4 0,3 0,1 62,8 1,5 14,1 4,3 3,3 1,5 11,7 
LT22 KAT103 9,0 0,9 0,0 0,0 23,5 2,3 0,0 1,2 0,6 0,6 70,9 
LT23 KAT107 78,6 0,4 0,7 0,3 73,7 0,5 6,4 1,7 0,7 0,6 15,0 
LT24 KAT89 76,0 0,7 1,0 0,0 73,8 1,1 10,1 1,7 1,5 0,9 9,2 
LT24/2 KAT89 86,7 1,0 1,3 3,1 57,3 0,8 3,4 0,4 0,7 0,3 31,7 
LT25 KAT89 90,2 1,2 1,5 1,5 58,7 1,0 6,1 0,9 0,9 0,4 27,8 
LT25/2 KAT89 91,6 1,2 1,6 1,5 51,6 0,6 1,9 0,5 0,6 0,3 40,2 
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Selectivity [%] Exp. Cat. Conversion 
[%] Acet- aldehyde Propanal Acetone Acrolein 
Allyl 
alcohol Acetol
Acetic 
acid 
Propionic 
acid 
Acrylic 
acid Unknown 
LT27 KAT89 87,3 0,4 0,7 0,3 69,3 0,6 7,3 2,9 0,9 0,7 16,9 
LT29 KAT109 88,9 0,3 0,6 0,3 73,5 0,6 8,5 2,5 1,1 1,0 11,6 
LT31 KAT110 97,7 1,7 0,3 0,0 72,7 0,1 1,4 0,6 0,7 0,3 22,2 
LT32 KAT111 90,9 1,6 0,4 0,1 67,8 0,1 2,1 0,5 1,1 0,3 26,0 
LT34 KAT105 72,2 0,9 0,2 0,1 29,2 0,6 3,8 1,8 2,2 0,6 60,6 
LT35 KAT113 46,0 4,0 0,7 1,5 14,6 0,3 24,3 2,4 4,0 2,1 46,1 
LT36 KAT114 62,8 2,9 0,6 1,4 14,3 0,4 46,4 1,6 1,4 0,8 30,2 
LT37 KAT112 24,2 0,2 0,1 0,0 45,0 0,0 5,6 1,6 4,4 0,6 42,5 
LT41 KAT119 77,5 3,5 0,6 1,0 12,8 0,3 0,6 2,1 1,0 0,6 77,5 
LT42 KAT99 85,7 0,5 0,9 0,6 76,5 0,9 11,0 2,1 1,2 0,7 5,6 
LT42/2 KAT99 90,9 1,6 0,4 0,1 67,7 0,0 2,1 0,5 1,1 0,3 26,2 
LT45 KAT109 94,8 2,1 0,3 0,1 65,6 0,0 1,5 0,7 1,0 0,2 28,5 
RS4 KAT66 92,6 1,8 0,7 0,4 57,2 0,2 0,7 0,6 0,3 0,3 37,8 
RS5 KAT68 71,1 2,4 0,7 2,1 32,1 0,4 1,5 1,2 0,5 0,4 58,7 
RS6 KAT69 91,8 2,3 0,9 0,2 56,8 0,3 1,7 1,0 0,5 0,4 35,9 
RS7 KAT83 74,1 2,9 0,7 0,8 16,5 0,4 13,7 2,0 0,6 0,7 61,7 
RS8 KAT72 62,0 3,0 2,2 0,0 52,2 2,3 14,8 3,6 0,9 3,5 17,5 
RS9 KAT73 83,0 2,0 1,2 0,0 55,9 0,9 9,0 2,5 0,9 1,6 26,0 
RS13 KAT80 95,6 1,7 1,4 0,3 62,3 0,7 9,5 2,5 0,4 0,6 20,6 
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